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Description 

This Invention relates generally to the field of 
thin solid film coating deposition technologies 
which are techniques for fabricating materials in the 
fonm of a thin solid film coating on a substrate 
material. In particular, the invention described here- 
in makes possible deposition of both old and new 
materials under conditions of lower vacuum than 
required by other technologies. Such coating ma- 
terials can have unusual and remarkably useful 
properties, especially in the areas of electronics, 
optics, wear surfaces, protective coatings, catalytic 
materials, powder metallurgy, and biomedical im- 
plant surface coating. 

In recent years. In the prior art much effort has 
been directed toward development of economically 
viable techniques for manufacturing various useful 
materials In the form of thin solid films which 
overlay a supporting solid substrate material, such 
as corrosion resistant materials, which provide 
chemical protection for the supporting material (e.g. 
an oxide coating on an aircraft engine's turbine 
blades). There are many differing technologies in 
use today, yet they can all be classified under one 
of the following five categories: 

1) Physical Vapor Deposition 

2) Chemical Vapor Deposition 

3) Electro - and Electroless Deposition 

4) Thermal Spraying methods 

5) Polymeric Coating methods 

However, all these diverse methods Involve the 
following three steps: (1) Synthesis of the deposit- 
ing species; (2) Transport of the depositing species 
from its source or place of synthesis to the site of 
deposition; (3) Deposition and subsequent film 
growth. 

It is recognized that in the prior art the same 
thin film material may be susceptible to formation 
by several different techniques. For example, thin 
films of amorphous hydrogenated silicon, which 
can be used in solar power conversion technology, 
may be fabricated by three radically different tech- 
niques: (1) Plasma deposition; (2) Sputtering and 
(3) Chemical Vapor Deposition (see e.g. M.H. Brod- 
sky, "Plasma Preparation of Amorphous Silicon 
Films", Thin Solid Rims 50, 1978 Elsevier Sequoia 
S.A.. Lausanne - The Netherlands; T.D. 
Moustakas. et al. "Preparation of Highly Photocon- 
ductlve Amorphous Silicon by RF Sputtering"", 
Solid State Communications 23. 1977 Pergamon 
Press - Great Britain; S.C Gau, et al, "Preparation 
of Amorphous Silicon Rims by Chemical Vapor 
Deposition From Higher Silanes", Applied Physics 
Letters 39 (5), 1981 American Institute of Physics). 
Often an innovation in deposition technology man- 
ifests Itself not as a direct improvement in the 
product material, but rather as an economic im- 



provement In the process technique. It is to an 
improvement in the process that my inventions of 
both apparatus and methqr} make possible, for 
which the use of simple flow systems, deposition of 

5 thin film materials are achieved, which previously 
required methods which employed complicated 
high vacuum apparatus. The result also makes 
possible synthesis and deposition of new structures 
of known chemical species. 

10 US Patent 3,850,679 describes a process of 
coating a glass surface with a metal oxide, wherein 
a mixture of carrier gas, vaporised solvent, and 
vaporised metal containing reactant is formed in a 
vaporising chamber, and thereafter passes to a 

76 distribution chamber where it is accelerated in con- 
vergent nozzles and directed towards the substrate 
to be coated. Since the solvents and reactants 
used in this process are generally solid or liquid at 
room temperature, heating jackets are extensively 

20 arranged around the vaporising chamber and noz- 
zles in order to prevent unwanted condensation of 
the reactants within the apparatus. 

My inventions allow one to produce a useful 
thin solid film material by depositing from the gas- 

25 phase a saturated chemical vapor species onto a 
substrate material through the use of a high speed 
jet of inert carrier gas to transport the depositing 
chemical species ~ present in dilute concentrations 
In the carrier gas ~ from the site where the synthe- 

30 sis of the depositing vapor species occurs to the 
substrate material where condensation and deposi- 
tion occurs. 

Other objects, advantages, and novel features 
of my inventions, as well as the need and motiva- 

35 tion for using the broad term "useful thin solid 
material", will without departing from my inventions 
become apparent to those skilled in the art both 
now and in the future upon examination of the 
following detailed description of the preferred em- 

40 bodiments of my inventions, and the accompanying 
drawings, in which: Figure (1) depicts a preferred 
embodiment of an apparatus useful for my inven- 
tion. There is shown a nozzle 1-1, and a chamber 
1-2 downstream of the nozzle 1-1 termed herein 

46 the deposition chamber. An inert flowing gas shown 
as streamlines 1-3 acts as the carrier fluid. A 
mechanical pump 1-4 induces a steady flow of the 
Inert earner gas 1-3 from the gas supply 1-5 
through the inlet 1-6. The flow proceeds through 

50 the nozzle 1-1 into the deposition chamber 1-2, 
where it forms a jet 1-7. The flow exits via an outlet 
1-8. If desired, the carrier gas may be recirculated 
by a recirculation loop 1-9. Within chamber 1-2 is 
positioned the substrate 1-10 on which the product 

55 thin film 1-11 is deposited. The film thickness is 
exaggerated for Illustration. The nozzle 1-1 and the 
substrate 1-10 may move relative to one another in 
order to change the area of the substrate's 1-10 
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surface which is directly under the nozzle 1-1 and 
thereby coat a larger portion of that surface. A 
transport mechanism 1-12 achi^eves this motion by 
moving the substrate. (Alternately, the nozzle 1-1 
could be mounted on a mechanism which moves it 
relative to a stationary substrate 1-10. The concept 
of relative motion to coat a broad area of the 
substrate surface is amplified in Figure (11). An 
apparatus 1-13 for heating and/or cooling the sub- 
strate is also depicted, as well as a means 1-14 for 
heating or coaling the carrier gas before It enters 
the nozzle 1-1 through the Inlet 1-7. A port 1-15 
provides access to the deposition chamt)er 1-2. 
The regions R1 and R2 of the flowfield, schemati- 
cally contained within the broken lines of Fig. (1), 
are significant In the description of the deposition 
process which follows below. 

Figure (2) depicts a specific example of the 
prefen-ed method in which a particular material Is 
deposited, in this case: tungstic-oxide. In addition 
to the general features of the apparatus depicted in 
Figure (1) - for which features Figure (2) has the 
same illustration numbers - there are also Illus- 
trated features necessary for the deposition of 
tungstic-oxide. The carrier gas depicted as stream- 
lines 1-3 is helium (although any other Inert fluid 
could also be employed). A dilute concentration of 
oxygen 2-1 (exaggerated oxygen molecules de- 
picted as open circles) which has been premixed in 
the helium 1-3 contained in the gas supply 1-5 
enters through the inlet 1-7. There is shown an 
tungsten filament 2-2 (which is a solid cylindrical 
rod oriented transverse to the plane of Figure (2)). 
Also Illustrated are evaporated tungsten atoms 2-3 
(closed circles) and tungstic-oxide radicals 2-4 
(connected pairs of open and closed circles). The 
tungstic-oxide deposit 2-5 is shown being formed 
on the prepared substrate 1-10. The method for the 
formation of an tungstic-oxide deposit Is described 
below. 

Figure (3) is an enlargement of an important 
portion of Figure (1). That portion is the nozzle exit 
region of the flowfield, which contains the part of 
the flow region R1 furthest upstream in the flow 
(see Figure (1)). The nozzle walls 3-1 represent the 
end of the converging part of the nozzle, the nozzle 
throat, and exit as depicted by 1-1 in Figure (1). 
The streamlines 1-3 represent the flow of the inert 
carrier gas through the nozzle. A saturated 
chemical-vapor species 3-2 (molecules of which 
are signified by small circles) originate at some 
source 3-3 (depicted as a large open circle) cen- 
tered in the flowfield. The flow of the carrier fluid 
entrains this condensible molecular species and 
convects them through the nozzle and beyond the 
nozzle exit 3-4. The region of the flowfield which 
contains condensible species is demarcated by 
broken lines, which region is termed herin region 



R1. 

Rgure (4) Illustrates one mechanism for in- 
troducing chemical reation precursor species as 
dilute components in mixture with the flow of the 
5 inert carrier fluid. The nozzle 1-1 and inlet 1-6 as 
well as the inert carrier gas streamlines 1-3 of 
Figure (1) are reproduced here. The remainder of 
the apparatus depicted in Figure (1) is assumed to 
be in place, but is not represented in Figure (4). 

70 For this mechanism, an undersaturated vaporous 
precursor species 4-1 (molecules of which are de- 
picted as open circles) has been premixed in the 
carrier fluid upstream of the inlet. 

Rgure (5) illustrates an additional mechanism 

75 for introducing precursor species Into the flow of 
the carrier fluid. Again, the nozzle 1-1. inlet 1-6, 
and streamlines 1-3 of Figure (1) are reproduced, 
but it Is assumed that the remaining unrepresented 
features of the apparatus depicted In Figure (1) are 

20 in place as well ~ they are just not reproduced 
here in Rgure (5). In this mechanism, the precursor 
species is present initially In solid or liquid state. 
This solid or liquid material 5-1 (represented as a 
large open circle) Is held In place in the flowfield, 

25 and Is then heated to evaporate (or sublime) mol- 
ecules 5-2 off into the gas-phase (These molecules 
are depicted as small open circles). These mol- 
ecules are entrained in the flow of the carrier gas 
and converted through the nozzle. 

30 Figure (6) Illustrates another method of precurr ■ 

sor species introduction. Again, the nozzle 1-1, inlet 
1-6 and streamlines 1-3 of Rgure (1).are repro- 
duced. The remainder of the apparatus shown in 
Figure (1) is assumed also to be in place, but is not 

35 depicted. In this mechanism, the reactant species 
6-1 (molecules of which are depicted as open 
circles) are in gas or liquid phase, and are intro- 
duced via a thin tube 6-2 which exits into the 
region R1. The reaction precursor species is as- 

40 sumed to originate from a supply source which is 
not depicted. 

Rgure (7) Illustrates the correlation between 
relative intensity and velocity of the jet. 

Figures (9).(10) and (11) sen/e to illustrate the 

46 flow of the carrier gas past - and the deposition of 
the condensing species on ~ three types of sub- 
strate differentiated by their geometries. These 
substrates would be substituted for the substrate 1- 
10 of the apparatus in Rgure (1). The only feature 

50 of Figure (1) actually reproduced in these Figures 
is the carrier gas jet 1-7 which is depicted as 
streamlines, but the remainder of that apparatus is 
assumed to be in place - It is merely not depicted. 
These Figures serve to illustrate the three possible 

55 generalized cases of substrate geometry and the 
consequent effect of these cases on the flow field 
of the gas mixture and the deposition process. 
Figure (8) shows the flow of the jet 1-7 past a 
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generalized "bluff body" or substrate 9-1 of low or 
zero curvature. Curvature must be compared to the 
width of the jet 1-7. The strearhlines of the carrier 
gas jet 1-7 Impinge on the surface and then flow 
along the surface away from the site of impinge- 
ment termed herein the "stagnation point". The 
molecules 9-2 of the depositing species are con- 
vected by the carrier gas flow to the substrate 
surface where they condense to form the thin film 
coating 9-3. The deposit's thickness is exaggerated 
in this Figure for the purpose of illustration. The 
deposition is most concentrated at the stagnation 
point 9-4. 

Figure (9) illustrates the flow field around a 
"sharp-edged" substrate 10-1, with its edge di- 
rected into the flow of the jet 1-7. In this case, the 
stagnation point 10-4 occurs at the edge itself, and 
the deposition is concentrated there. Again, the 
molecules 10-2 of the depositing species condense 
to form a thin film coating 10-3. 

Figure (10) shows the jet's 1-7 flow past a 
substrate 11-1 of large curvature. Curvature must 
be compared to the width of the jet 1-7. In this 
case, the streamlines of the carrier gas jet 1-7 flow 
around the substrate 10-1 and rejoin downstream. 
The molecules 11-2 of the depositing species are 
convected by the carrier fluid 1-7 to the substrate's 
11-1 surface where they deposit to form a thin film 
coating 11-3. In this case too, there is a stagnation 
point 11-4 at which the deposition will be most 
concentrated. 

Figure (11) illustrate the concept of employing 
the mechanism 1-12 of the apparatus of Figure (1) 
to move the substrate 1-10 ralative to the jet 1-7 (or 
the nozzle 1-1, since the jet is emitted from the 
nozzle). Alternately, there may be a mechanism 
that moves the nozzle 1-1 relative to a stationary 
substrate 1-10. Therefore to illustrate the general 
notion of substrate motion relative to the jet 1-7. 
only the jet 1-7 and the substrate 1-10 of Rgure (1) 
are reproduced here (the substrate 1-10 is re- 
labeled 12-1), although the remainder of the ap- 
paratus in Figure (1) is assumed to be in place 
here as well. Also, for the purposes of illustration, a 
"bluff body" substrate as depicted in Figure (8) is 
shown here as the substrate 12-1, although a 
"sharp-edged" substrate (see Rgure (9)) or a sub- 
strate with large curvature relative to the jet's 1-7 
width (see Figure (10)) could be substituted for the 
substrate 12-1 as well. The point Figure (11) serves 
to illustrate is that as the substrate 12-1 is moved 
relative to the jet 1-7. the stagnation point 12-4 of 
the carrier gas flow - which is also the site where 
the deposition of the condensing species is most 
concentrated - moves across the surface of the 
substrate 12-1. (The direction of substrate 12-1 
relative motion to the jet 1-7 is indicated in Figure 
(11).) Thus, there is not just one point on the 



substrate's 12-1 surface where deposition is con- 
centrated, but rather the concentrated deposition 
occurs across the surface, a^d If the motion is at a 
uniform rate (also, of course, assuming the con- 
5 densing species 12-2 arrive at the stagnation point 
at a constant rate) then a thin film 12-3 of uniform 
thickness will condense on the substrate's 12-1 
surface. 

Figure (12) shows the use of the apparatus 
10 illustrated in Rgure (1) in "batch mode" for the 
coating of "batches" of subtrates. Only the jet 1-7 
of Figure (1) is reproduced in Rgure (12) although 
the rest of the apparatus of Rgure (1) is assumed 
to be in place. Substituted for the substrate 1-10 of 
IS Figure (1) is a mechanism 13-1 for holding and 
transporting individual substrates 13-2 into and 
through the flow of the jet 1-7 where they recieve 
their thin film coating 13-3 as the jet 1-7 transports 
the condensible species 13-4 to the surface of the 

20 individual subtrates 13-2. Although the "sharp- 
edged" substrates of Figure (9) are depicted as the 
individual substrates 13-2 in Figure (11), the other 
substrate geometries shown in Figures (9) and (11) 
are also possible individual substrates for the 

25 "batch mode". All the individual substrates 13-2 
are contained in the deposition chamber 1-2 of 
Figure (1) (not depicted). After the entire batch of 
substrates 13-2 are coated, the deposition is com- 
plete, and the deposition chamber 1-2 is opened to 

30 remove the coated substrates 13-2. 

Figure(13) illustrates the use of the apparatus 
in Figure (1) in "semi-continuous" mode of deposi- 
tion. Only the jet 1-7 of Figure (1) is reproduced 
here, although the balance of the apparatus de- 

35 picted in Rgure (1) is also assumed to be in place. 
Substituted for the substrate 1-10 of Figure (1) Is 
the substrate 14-1 in the form of rolled stock (e.g. 
rolled sheet metal). This rolled stock is unwound 
from one spool 14-2, passed through the jet 1-7 

40 which transports the condensible species 14-3 to 
its surface, and recieves its thin film coating 14-4 at 
the stagnation point 14-5. Finally, the coated sub- 
strate stock is rewound on another spool 14-6. Both 
spools are contained within the deposition chamber 

45 1-2 of Rgure (1) (not depicted here). After the 
rolled stock Is coated and rerolled on the receiving 
spool 14-6, the deposition is complete, so the 
deposition chamber 1-2 is opened and the coated 
substrate removed. Both "bluff body" substrates 

50 (see Rgure (8)) - e.g. rolled sheet metal - or 
substrates with large curvature (see Figure (10)) ~ 
e.g. coiled wire - may be coated with thin film 
material in the "semi-continuous" mode. Even 
"sharp-edged" substrates (see Figure (9)) may be 

55 coated in this manner provided they are capable of 
being rolled or coiled. 

Figure (14) illustrates the use of the apparatus 
of Figure (1) for the production of powdered materi- 
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als as used in metallurgy. Only the jet 1-7 of Figure 
(1) is reproduced here, although the entire appara- 
tus depicted in Figure (1) is. assumed to be in 
place. Substituted for the substrate 1-10 of Figure 
(1) is a rotating drum 15-1 (with sides which act as 
a target surface area where condensation occurs). 
The jet 1-7 transports the depositing species 15-2 
to the surface of the drum 15-1 where deposition 
occurs at the stagnation point 15-3. As the deposit- 
ing species 15-2 condenses and forms a thin film 
coating 15-4 on the rotating drum 15-1, the thin 
film material 15-4 subsequently revolves around 
with the drum 15-1, and encounters a scraper 15-5 
which removes the material 15-4 from the drum 15- 
1. This material, in powdered fonm 15-6, is col- 
lected in a hopper 15-7. The entire apparatus in 
Figure (14) is contained within the deposition 
chamber 1-2 of Rgure (1) (not depicted). When the 
hopper 15-7 is filled with the powder 15-6, the 
deposition process is discontinued, and the deposi- 
tion chamber 1-2 is opened to remove the powder 
for use in powder metallurgy. Also depicted are 
heating and cooling mechanisms 15-8 for heating 
and/or cooling the drum surface to facilitate the 
deposition and powdering processes. 

Rgure (15) depicts an alternate embodiment of 
the apparatus depicted in Figure (1) which is simi- 
lar to the arrangement illustrated in Figure (14). 
Figure (15) represents an apparatus which is sub- 
stituted for the substrate 1-10 of Rgure (1). and Is 
used for the production of thin sheets of material. 
The only feature of Figure (1) reproduced here is 
the jet 1 -7, although the remainder of the apparatus 
is assumed to be in place. The jet 1-7 transports 
the depositing species 16-2 to the surface of a 
rotating drum, 16-1 (which acts as a target con- 
densation area) where that species condenses at 
the stagnation point 16-3 to form a thin film 16-4. 
The drum 16-1 rotates and the film 16-4 encoun- 
ters the scraper 16-5 which peels the film off the 
drum 16-1 so that the material is in the form of a 
thin sheet 16-7. A mechanism 16-6 pulls and trans- 
ports the sheet material 16-7 off the drum 16-1. 
The entire apparatus is contained within the de- 
postion chamber 1-2 of Figure (1)(not depicted). 
After fabrication of the sheet material 16-7, the 
depostion process is complete and the chamber 1- 
2 Is opened so that the sheet stock 16-7 can be 
removed. Mechanisms 16-8 for heating and/or cool- 
ing the drum 16-1 to facilitate the deposition and 
peeling processes are depicted. 

Figure (16) depicts the experimental apparatus. 
The gas flow originates in a storage cylinder (not 
depicted), and enters the apparatus via a pipe 
through inlet 17-1. The flow is regulated with the 
needle valve 17-2. and the throttle valve 17-14. The 
pressure upstream of the small orifice 17-4 is mea- 
sured by a mercury manometer (not depicted) at- 



tached to the flow system at 17-3, The flow pres- 
sure upstream of the nozzle 17-10 is measured by 
an oil manometer (not shown) attached at 17-7. 
The gas flows through the nozzle 17-10 into the 

5 deposition chamber 17-8, which is a glass bell jar. 
(The cross-hatched components are machined 
brass.) The lower pressure in the deposition cham- 
ber is measured with an oil manometer (not de- 
picted) attached at 17-13. The gas flow forms a jet 

10 as It exits the nozzle 1-10. which jet impinges on 
the substrate 17-11 (usually a microscope slide). 
The nozzle to substrate distance may be adjusted 
with the thumbscrew 17-12. A tungsten filament 17- 
9 is placed just upstream (within one nozzle diam- 

75 eter) of the nozzle throat section (see Rgure (17)). 
A line-of-sight 17-5 is maintained to the filament 
17-9. so that a measurement of its temperature can 
be taken using an optical pyrometer 17-6. The flow 
finally exits through the throttle valve 17-14 and is 

20 pumped away by a rotary pump (not depicted) 
attached at 17-15. 

Figure (17) shows the cross-sections of two 
nozzles used in the experimental demonstrations. 
Both were of conical symmetry and were made of 

25 brass. The dimensions of the throat diameter and 
length are indicated. 

Before turning In detail to the drawings, since 
my invention departs so greatly from prior prac- 
tices, I will describe some of the theory behind my 

30 invention. The modern theory of Physical Chem- 
istry tells one that a chemical reaction Is com- 
pletely specified by the thermodynamic variables 
such as pressure, temperature, etc. which govern 
the molecular behavior of that reactions constituent 

35 chemical species, along with the specific reaction 
mechanisms and associated activation energies 
(which energies may be introduced by radiation, 
thermal conduction, etc.). Because this deposition 
technique affords great flexibility and control in 

40 specifying these variables, there is a large number 
of chemical reactions which potentially could be 
induced to occur by the following described meth- 
od. The final product of such reactions is the 
desired useful phase of a solid in thin film form. 

46 This may be deposition on a substrate, where it 
remains, but also alternatly collected at a target 
area from which it can be removed (see Figures 
(15) and (16)). This alternate embodiment may be 
preferred in. say. powdered metallurgy uses. 

50 Rather than trying to present an exhaustive list 

of all possible and anticipated useful reactions, the 
following summary will treat the general problem of 
depositing a thin film by the present technique, as 
embodied in my preferred embodiments in the 

55 three steps: 

1) Synthesis or formation of depositing vapor 
species 

2) Transport of said species from source to 
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substrate 

3) Condensation of species and fitnt growth. 
Using the three steps of nny process, the general 
problem of condensing a chemical species from 
the vapor phase into the form of a useful thin solid 
film, which coats the surface of a supporting solid 
material, may be solved with new results. 

By the use of the high speed mass flux of an 
expanding inert gas as a carrier mechanism for 
transporting a dilute concentration of a saturated 
metal-vapor species from the site where that spe- 
cies was synthesized to the object to be coated, 
where the condensation occurs, a thin solid film 
product may be formed (metallic or metal-com- 
pound). The advantages in using this system are 
manifold. Foremost is that the inert carrier gas 
transports the saturated metal-vapor quickly that 
there is no time for condensation to occur on 
anything except the object to be coated (i.e. un- 
intentional depositions on the apparatus' chambers* 
walls are largely avoided). Thus nearly 100% of the 
synthesized depositing species is used in forming 
the thin film. Other advantages Include the utiliza- 
tion of the full flexibility of gas-phase chemistry for 
fomnation of the depositing species; the system 
allows high depositing rates; the mechanism is 
continuously self purging; and it affords indepen- 
dent control of the quench rate. The last advantage 
arises because the substrate temperature during 
condensation can t>e varied at will. 

A preferred embodiment of an apparatus useful 
for my inventions is depicted in Figure (1). There is 
shown a nozzle 1-1, a chamber 1-2 downstream of 
the nozzle 1-1 termed herein the deposition cham- 
ber. An inert flowing gas shown as streamlines 1-3 
acts as a carrier fluid. A mechanical pump 1-4 
induces a steady flow of the carrier gas 1-3 from 
the supply 1-5 through the inlet 1-6 and nozzle 1-1. 
The fast moving gas flowing through the nozzle 1-1 
enters the deposition chamber 1-2 and forms a jet 
1-7. It is this jet 1-7 which impinges on the sub- 
strate 1-10 that achieves the transport of the de- 
positing species (not depicted). The depositing 
species may be synthesized in the region R1 of 
the flow field, which extends from just upstream of 
the nozzle throat, through the throat region, (see 
Figure (3)) and extends the length of the jet. The 
deposition occurs in region R2 which borders the 
surface of the substrate. Finally, the gas exits via 
outlet 1-8 and is exhausted, or if desired the carrier 
gas 1-3 may be recirculated via a recirculation loop 
1-9. The substrate 1-10 is propositioned in the 
deposition chamber 1-2. on which the product thin 
film 1-11 is deposited. A transport mechanism 1-12 
moves the substrate 1-10 past the nozzle 1-1 and 
through the jet 1-7. An alternate embodiment, 
which may be preferred, would include a mecha- 
nism causing the nozzle 1-1, and therefore the jet 



1-7, to move relative to a stationary substrate 1-10. 
The jet 1-7 is caused to be moved relative to the 
substrate 1-10 in order to cgat a larger area of its 
surface, as amplified in Figure (11). A mechanism 

5 1-13 heats and/or cools the substrate 1-10 during 
the deposition in order to facilitate the fabrication of 
the thin film 1-11. Also a mechanism 1-14 heats or 
cools the carrier gas 1-3 in order to facilitate the 
transport of the depositing species, and to optimize 

10 the thermodynamic conditions governing the syn- 
thesis and condensation reactions. A port 1-15 al- 
lows access to the deposition chamber 1-2 before 
and after the deposition process. 

The flow geometry, flow speed and the carrier 

75 gas pressure can be arranged so that the synthesis 
of the depositing saturated vapor species occurs 
near the center of the forming jet and does not 
allow time for diffusion of those species to the walls 
of the apparatus which border region R1. This is 

20 amplified in Figure (3) which is a magnification of 
the beginning of the flow region R1. In Rgure (3), 
the saturated species 3-2 originates at some 
source 3-3 centered In the flow field of the inert 
carrier fluid, depicted as streamlines 1-3. The fast 

25 moving carrier fluid 1-3 convects the saturated 
species 3-2 past the nozzle's 1-1 (see Figure (1)) 
throat's walls 3-1, before that species has time to 
diffuse to them. In this manner, unwanted con- 
densation on the throat's walls 3-1 Is avoided. The 

30 depositing species 3-2 is transported beyond the 
nozzle exit 3-4 into the deposition chamber 1-2 (not 
depicted), and the flow now constitutes a free jet 1- 
7. 

Referring again to Figure (1), the flow speed of 
36 the jet 1-7 slows as it encounters the solid sub- 
strate 1-10 in flow region R2, and here the satu- 
rated vapor species migrates to the objects solid 
surface where they form a deposit. The inert carrier 
and any unreacted gaseous reaction precursor mol- 
40 ecules flow downstream and are pumped out at the 
exit 1-8. If a gas mixture containing unreacted 
gaseous species is recirculated via the recirculation 
loop 1-9 then these reactants as well as the carrier 
gas are recovered for further use. Further am- 
46 plifications of the general deposition process follow 
below. 

Figure (2) Illustrates a specific example of the 
method, which is described now so as to give a 
concrete example that will illuminate the general- 

50 ized discussion of the depostion method which 
follows below. All the features of the general ap- 
paratus of Figure (1) are reproduced in Figure (2) 
(which utilizes the same reference numbers as 
Figure (1)). except the flow regions R1 and R2 are 

55 not demarcated. Also Included are the additional 
specific elements necessary for deposition of a 
particular material: tungstic-oxide. A gas mixture, 
which originates in the supply 1-5 and contains 
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dilute concentrations of oxygen 2-1 (open circles) 
in helium 1-3 (depicted as streamlines) enters 
through the inlet 1-6 and flows over the tungsten 
filament 2-2 (the large shaded circle which depicts 
the cross section of a solid tungsten cylinder ori- 
ented transverse to the plane of Figure (2)). An 
electric current from a power supply (not shown) is 
passed through the tungsten filament 2-2 to re- 
sistively heat it to temperatures at which evapora- 
tion of tungstic-oxide occurs. The oxygen 2-1 in the 
flow reacts with the hot solid filament to form a 
surface oxide. This oxide evaporates due to the 
high temperature of the tungsten filament 2-1, and 
the tungsic-oxide vapor molecules 2-3 and 2-4 
(schematically depicted as open circles and circle 
pairs with one open and one shaded) are entrained 
In the helium flowing around the filament. These 
saturated vapor molecules 2-3 and 2-4 (saturated 
because the helium stream is cool) are convected 
by the flow 1-3 downstream to the cool substrate 1- 
10 where they condense to fonm a tungstic-oxide 
deposit. 

According to the invention, the thin solid film Is 
produced in a process of which my various pre- 
ferred steps are described below: 

1 . Synthesis of Depositing Species. 

This step may be achieved in several ways exploit- 
ing physical and/or chemical phenomena as de- 
scribed below. It will be important to observe that 
in my process, alt vapor species which will saturate 
at the prevailing gas temperature must be confined 
to region R1 of the flow field (see Figures (1) and 
(3)). This temperature may be varied over a wide 
range to avoid premature condensation of a given 
reactant species by employing the gas 
heating/cooling mechanism 1-14 of the apparatus 
depicted in Figure (1) ~ but it is anticipated that for 
many reactions the gas need only be at room 
temperature. All experimental demonstrations were 
performed with unheated gases, but the only theo- 
retical limit on the gas temperature is that it must 
be cool enough in the flow region R2 for condensa- 
tion to occur in the desired manner. The Important 
point Is that once a saturated vapor species is 
formed in region R1, it must be transported so 
quickly that it does not have time to condense on 
the nozzle's walls. (See Figure (3), and the text 
describing It.) Thus, the problem becomes one of 
delivering the reaction precursor molecules to the 
region R1 and inducing a reaction to occur which 
synthesizes the depositing species. 

This delivery can be achieved in three distinct 
ways as illustrated in Figures (4),(5) and (6): 1) The 
precursor (or precursors) as shown in Figure (4) 
may be a vapor or gas species 14-1, which is in 
undersaturated in the gas-phase at the prevailing 



tennperature of the carrier gas 1-3. Then it can be 
mixed into the carrier far upstream and Introduced 
into region R1 along with the carrier*s 1-3 flow 
through the nozzle 1-1, where the pecursor 4-1 is 

5 then acted upon to synthesize a condensible spe- 
cies. (A description of such actions follows shortly.) 
This mechanism may be employed to introduce 
metal-bearing gaseous molecules (say siiane or an 
organo-metallic salt) which is then used to syn- 

10 thesize a depositing metal-vapor, or it may be used 
to introduce reactive gas (say oxygen or a halogen) 
which reacts with a metal vapor in the formation of 
a metal-compound deposit (say a metal-oxide). Or 
2) as shown In Figure (5) the precursor species 

15 may be in solid or liquid form as a material 5-1, 
(depicted as a large circle) which is held in place 
directly in the flow field of gas 1-3 through the 
nozzle 1-1 at region R1 and subsequently heated 
(by some means not depicted, e.g. resistive heat- 

20 ing of the material Itself, or through contact with a 
heated surface, or with a laser) to evaporate (or 
sublime) off molecules 5-2, which then become 
entrained in the carrier gas flow 1-3. Or 3) as 
shown in Figure (6) the reactant species may be 

25 molecules 6-1 of a fluid injected via a thin tube 6-2 
Into the flow region Rl , where they are entrained in 
the flow of the carrier gas 1-3 through the nozzle. 1- 
1. 

Each mechanism can be used multiply In the 

30 same apparatus, in order to introduce several spe- 
cies, i.e. there can be two or more reactants, 
premixed in the carrier fluid (mechanism 1); or 
several solid or liquid materials placed in the flow 
(mechanism 2); or several thin tubes exiting in the 

35 region R1, each transporting a different species 
(mechanism 3). All three methods may be used 
simultaneously to deliver two or more reactant spe- 
cies to region Rl to achieve synthesis of the de- 
positing species. As a specific preferred embodi- 

40 ment illustrated by Figure (2). tungstic-oxide thin 
films may be formed In a process utilizing delivery 
mechanisms 1 and 2. 

The introduction by evaporation from a solid 
(mechanism 1) produces a sotidifiable vapor spe- 

45 cles, and so no other actions are necessary to 
achieve deposition. The evaporated atoms may be 
simply transported by the jet to region R2 where 
they form a deposit on the substrate. The result 
would be analagous to that of other evaporation 

60 coating techniques in use today. In other applica- 
tions, however, it may be desirable to cause these 
evaporated species to suffer further reactions in 
order to synthesize the desired depositing species. 
A specific advantage of the process and ap- 

55 paratus of my invention is that any precursor spe- 
cies which has successfully been introduced as a 
component in mixture with the carrier gas may be 
acted upon further in order to synthesize a deposit- 
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ing species. This action may take the form of: 

1 ) Chemica) reaction with another species 

2) Dissociation of the chemical species by 
pyrolysis at a heated solid surface 

3) Dissociation of a similar species by absorp- 
tion of radiation (photochemistry). 

4) Dissociation due to Interaction with a plasma 
or discharge (arc heating) 

5) A combination of these methods acting on 
one or more species introduced by one or more 
delivery mechanisms. 

This wide variety of actions is possible In my 
Invention, precisely because the transport of the 
highly reactive, saturated depositing species by a 
jet of carrier gas serves to spatially isolate the 
synthesis chemical reactions from the actual con- 
densation reaction at the substrate surface. Thus 
the thermodynamic and gasdynamic flow condi- 
tions (as well as other conditions, e.g. radiation 
intensity) governing the behavior of the chemically 
reacting gas mixture may be varied widely on 
either end of the jet in order to independently 
optimize both the synthesis reaction and the con- 
densation reaction. Naturally, the flow conditions at 
the beginning of the jet (site of initiation of deposit- 
ing species synthesis reactions) are coupled to the 
conditions at the surface of the substrate at the end 
of the jet (site of condensation reaction to form a 
network solid). But although this dependence Is 
very complicated it may be controlled by altering 
the flow geometry, gas pressure, temperature, mix- 
ture concentration, etc, as described below. 

Once the synthesis reaction is started, It may 
continue as the reactant species are transported in 
the jet. Indeed as the can'ier gas expands through 
the nozzle, it converts its thermal energy into me- 
chanical energy and cools. The expanding carrier 
gas also cools the reactants, and provides a "heat 
sink" for any exothermic reactions which may oc- 
cur. These continuing reactions (Including homo- 
genous nucleation) will depend on the evolving 
themodynamic conditions of the flow as the gas 
mixture expands through the nozzle and forms the 
jet. The conditions are dependant on the expansion 
rate which is largely controlled by the nozzle ge- 
ometry. (One of ordinary skill in the art reading this 
disclosure will perhaps have need of further back- 
ground In the gas dynamics of nozzle flows. For 
this purpose, reference may be had to J.D. An- 
derson, Jr . Modem Compressible Flow, 1982 
McGraw-Hill. New York or H.W. Liepmann and 
A.Roshko, Elements of Gas-Dynamics, 1957 J. 
Wiley, New York, which are specifically incorpo- 
rated herein by reference.) A diverging section may 
be added to the nozzle (see Rgure (7)) to control 
the expansion rate before the flow exits the nozzle 
to form a free jet. Indeed the addition of a diverg- 
ing section can change the nucleation rate by sev- 



eral orders of magnitude. (Again, for purposes of 
reference for those of ordinary skill in the art who 
may require further background In gas-phase 
nucleation of clusters In seeded molecular beams, 

5 the reader Is refen^ed to 0. Abraham, et al, 
"Gasdynamics of Very Small Laval Nozzles", 
Physics of Fluids 224 (6). 1981 American Institute 
of Physics; and O.F. Hagena "Cluster Beams from 
Nozzle Sources". Gasdynamics vol. 4, 1974 Mar- 

10 eel Dekker. New York, which are specifically incor- 
porated herein by reference.) 

2. Transport of Depositing Species. 

75 Once the synthesis step Is initiated (synthesis can 
continue while the reactants are being transported) 
the transport step is achieved always In the same 
manner. The high speed flow of the carrier gas 
entrains the depositing molecules and convects 

20 them into the flow region R2 (see Figure (1)) which 
borders on the object to be coated. In certain 
respects, the flow field will be largely dominated by 
the behavior of the inert carrier fluid, since the 
reactant molecules are present in dilute concentra- 

25 tion (of order 1 molar % or less). One can analyze 
the flow as if it were the just pure carrier fluid 
under the same flow conditions and then by exam- 
ining the degree to which the molecules of the 
depositing species are "entrained" in the flow of 

30 the carrier gas. This becomes a question of wheth- 
er the species being transported is in equilibrium 
with the carrier gas. As we shall see, this question 
of equilibrium (or disequilibrium) Is also very impor- 
tant in determining the exact mechanism of deposi- 

35 tion. 

Differences in the mixtures flow field as com- 
pared to that of the pure carrier fluid under the 
same fluid dynamic conditions will be mainly due 
to the possible disparity in masses of the mixtures 

40 constituent molecules and also due to the energy 
addition or consumption caused by the synthesis 
reactions. If one chooses to use a carrier gas with 
an especially small molecular weight (e.g. hydro- 
gen or helium) then most depositing species will 

45 have a molecular weight which is one or several 
orders of magnitude greater (e.g. many metal or 
metal-oxide radicals). The possibility of dimerlza- 
tion, trimerization and ultimately cluster nucleation 
will increase this mass disparity, and with slgnlfi- 

50 cant clustering the distinction between considering 
the behavior of the depositing species as that of 
molecules or as aerosol particles becomes less 
precise. In any event, even if the depositing spe- 
cies is present as only about one percent of the 

55 mixtures component molecules. Its mass, momen- 
tum and energy - as distinct from that of the 
carrier fluid - may be far from negligible. In fact, it 
was the study of the behavior of heavy molecules 
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in the high speed flow of a light bath which, in- 
spired the invention of this deposition technique. 

Accordingly. It will be found profitable in the 
case of a disparate mass mixture to exploit the 
similarity with aerosols when trying to model the 
motion of the heavy species. Even when the de- 
positing species is distinctly molecular, rather than 
aerosol, the inertial effects governing Its behavior 
can be highly significant. (One of ordinary skill in 
the art reading this disclosure will perhaps have 
need of further background in the gasdynamics of 
disparate mass mixtures, and in particular velocity 
persistance effects. For this purpose reference may 
be had to: J. Fernandez de la Mora. "Inertial Non- 
equilibrium in Strongly Decelerated Gas Mixtures 
of Disparate Molecular Weights", Physical Review 
A 25 (2). 1982 The American Physical Society; or 
J. Femandez de la Mora, "Simplified Kinetic Treat- 
ment of Heavy Molecule Velocity Persistance Ef- 
fects; Application to Species Seperatlon", From 
Rarified Gas Dynamics, Vol 74 of Progress ir\ 
Astronautics and Aeronautics, 1981 American In- 
stitute of Aeronautics and Astronautics - both of 
which are incorporated herein by reference.) In our 
high speed flow regime, the heavy depositing spe- 
cies can be In a state of extreme disequilibrium 
with the carrier fluid, so the conventional theory of 
continuum mechanics is not always applicable. 
However, since the heavy depositing species re- 
presents such a small fraction of the mixture's 
molecules, the mixture's flow can fc>e treated as 
outlined previously: first observe or estimate from 
theory the flow field of the pure carrier gas, then 
determine the degree to which the heavy mol- 
ecules "lag" behind the flow of the carrier. 

The presence of the depositing species in 
dilute concentration will not hinder the flow of the 
carrier significantly, so the carrier flow field can be 
treated in the conventional manner. Such a treat- 
ment will result in the gasdynamic knowledge of 
the jet of the can-ier fluid which completely de- 
pends on the following parameters: 

1) Initial (stagnation) pressure 

2) Initial (stagnation) temperature 

3) Nozzle Geometry 

4) Ratio between the initial and downstream 
pressures (from nozzle exit) 

5) Gas viscosity 

6) Ratio of the carrier gas' specific heats, one at 
constant pressure, the other at constant volume. 

As result of my described process and apparatus, 
it will now be recognized that for a given choice of 
carrier gas and depositing species, parameters 1. 
2, 3 and 4 can be independently varied, radically 
altering the flow field, which in turn will alter the 
transport and deposition. 

The motion of the depositing species will de- 
pend completely on the Mach Number 



(nondimensional speed) of the carrier flow field and 
the Stokes Number; this latter parameter will be a 
measure of the "lag" of the heavy depositing mol- 
ecules behind the flow of the carrier fluid. Such 

5 lagging is often termed "velocity persistance" or 
"inertia" and describes departures from the motion 
of the molecules predicted by continuum mechan- 
ics. In this way, the Stokes Number represents the 
degree to which the heavy depositing species is in 

10 dynamical disequilibrium with the carrier bath. Thus 
with the knowledge of the carrier gas flow field, 
which is easily determined through well established 
theory, and an accurate estimation of the velocity 
lag of the depositing species in that flow field one 

75 can determine and control the transport of the 
depositing species. 

Now the general representation of the flow ve- 
locity is the Mach Number (M), a nondimensional 
gasdynamic parameter which Is defined as the ratio 

20 of magnitude of the flow velocity (U) to the gas' 
thermal speed (C) 

(1) Msu/C 

25 We consider now the steady state of deposition, in 
which the flow regime, synthesis and deposition 
reactions are established, and continue unchanged 
until the desired, thin film thickness is achieved. In 
steady state, the flow field remains constant 

30 through time, and this simplifies the theoretical 
treatment. For the given geometry the flow field is 
then calculated assuming that the carrier gas Is 
pure and employing conventional continuum me- 
chanics. Depending on the application, the optimal 

35 flow field may be subsonic or supersonic. For any 
gas flowing through a nozzle at falriy large Reyn- 
olds Number, a pressure ratio across the nozzle 
(i.e. the quantity P{/Pb where Pj is the gas pressure 
upstream of the nozzle, and Pb is the base pres- 
to sure in the deposition chamber) of between unity 
(1) and approximately two (2) (for almost any gas) 
will correspond to subsonic flow whereas whereas 
pressure ratios greater than about two (2) will 
cause supersonic flow. Naturally, a larger pressure 

45 ratio requires greater pumping capacity to maintain 
the flow. (In experiments, the flow Mach Number 
has ranged from one-tenth (0.1) to about unity (1).) 
The carrier gas used most often has been helium 
which has a sound speed at room temperature of 

50 about a kilometer per second. Since the distance 
over which the depositing species was transported 
was at most a few centimeters, the transport obvi- 
ously happens very quickly.) 

With knowledge of the carrier gas' flow field, 

55 one can begin an estimation of the Stokes Number. 
To reiterate, the Stokes Number Is a measure of 
the degree to which the molecules of the deposit- 
ing species "lag" behind the high speed motion of 
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the carrier gas molecules. For example, if a mol- 
ecule to be deposited originates in a solid filament 
placed in region R1 of the flow field and is then 
evaporated off into the gas flow, it must be acceler- 
ated from a state in which it is essentially at rest to 5 
the speed of the surrounding gas flow. This accel- 
eration takes a certain time, and the Stokes Num- 
ber is. in a certain sense, a measure of that time. 

TTie Stokes Number (S) is actually a ratio of 
two times: 1) the microscopic particle relaxation io 
time (t) and 2) the overall macroscopic accelera- 
tion time of the flow (t). 

(2) S e r/t 

75 

The relaxation time is the average time required for 
the molecules of the depositing species to achieve 
velocity equilibrium with the host fluid. Equilibrium 
in gases arises from collisions between their con- 
stituent molecules. For example if a molecule is 20 
moving at a velocity radically different from the 
mean velocity of all the other molecules in a gas 
(i.e. if it Is in disequilibrium), collisions cause a 
transfer of energy and momentum between mol- 
ecules, which serve to bring the velocity of the 25 
unusual molecule more in line with the mean flow 
velocity. It should be emphasized that the relax- 
ation time Is a statistical probability and only has 
meaning for a large number of molecules. Colli- 
sions between molecules of similar masses are 30 
very effective in transferring energy and momen- 
tum, so perhaps only one collision is necessary to 
relax a molecule in a gas of other molecules with 
equal mass. However the transfer of energy and 
momentum from a heavy particle to a light particle 35 
is relatively inefficient hence many collisions are 
necessary to equilibrate a heavy molecule with a 
gas of lighter molecules. These collisions take 
time, of course, so the more collisions necessary, 
the greater the relaxation time (t). 40 

Naturally, there are also collisions between the 
molecules of the depositing species but since their 
concentration in mixture is so small, their number 
density is very small, so collisions are much less 
frequent. (In fact, in the absence of the carrier 46 
molecules, the densities of the depositing species 
would correspond to flow in the extremely rarifled 
regime treated in hypersonic theory.) Actually the 
frequency of these self collisions of the depositing 
species will be important in determining the syn- so 
thesis reaction, nucleation and. to a certain extent, 
the deposition rates, but for the present we are 
concerned with the degree to which the depositing 
species molecules achieve equilibration with the 
carrier gas. From statistical mechanics one can 55 
approximate the relaxation time (t) through Ein- 
stein's formula: 



(3) T = mdD/(kBT) 
where: 

md s Molecular weight of depositing specie 
D e Diffusion coefficient (depositing in carrier) 
ks s Boltzmann's constant 
T e Absolute Temperature 
The diffusion coefficient can be measured in a 
standard experiment or it may be estimated using 
the Chapman-Enskog theory. (One of ordinary skill 
in the art on reading this disclosure may require a 
greater background in gas-phase mass transport 
theory. For this purpose, reference may be had to: 
D.E. Rosner, Introduction to Energy, Mass and 
Momentum Transport in Chemicaiiy Reacting 
Fiuids, (in press) 1984 J. Wiley - EXXON. 1984 
New York -which is specifically incorporated here- 
in by reference.) Thus, (t) is easily calculable from 
known quantities. 

The other time which appears in the definition 
of the Stokes Number (Equation 2) is the fluid 
flow's macroscopic time of acceleration (t). To de- 
termine this time, one chooses a characteristic 
length of the flow geometry (d) (e.g. the nozzle 
throat diameter) and the average flow velocity (U) 
over that length. One obtains (t) from the following 
relation: 

(4) t = d/U 

The choice of (d) is rather subjective, and so one 
must carefully choose the most relevant distance. 
Combining Equations 2, 3 and 4 we have; 

(5) S = mdDU/(dkBT) 

or one may choose to exploit the perfect gas law to 
write this as: 

(6) S = mdDUp/(dmcP) 
where: 

p B carrier gas density 

mc » carrier gas molecular weight 

P s gas pressure 

in an equilibrium situation, the Stokes Number 
is very small compared with unity, and this cor- 
responds to the fact that in equilibrium, the molec- 
ular relaxation occurs much faster than the 
changes in the overall flow velocity. However, note 
that Equation 6 indicates that an increase in the 
ratio (md/mc) of the depositing species to the car- 
rier fluid's molecular weight will increase the 
Stokes Number. In fact, if this ratio is of order one 
hundred, it is possible to reach Stokes Numbers 
near unity even in subsonic flows. A Stokes Num- 
ber near unity corresponds to conditions of ex- 
treme disequilibrium, where the inertia of the heavy 
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species is so large as to dominate over the viscous 
forces of the carrier fluid. These inertial effects 
cause the depositing species to become disen- 
trained from the flow of the accelerating carrier 
fluid and to pursue their own independent, ballistic- 
like trajectories. This inertial behavior is anaiagous 
to the behavior of macroscopic aerosol particles in 
disequilibrium with their carrier fluid. The novelty is 
in noting that such effects are also observable in 
massive molecules. To first order such effects ac- 
count for behavior of heavy species normally attrib- 
uted to "pressure diffusion". 

Now with a knowledge of the carrier fluid flow 
field and the Stokes Number one can account for 
the transport of the depositing species. To achieve 
the transport, the condensing species must be en- 
trained in the flow of the carrier; and to maximize 
this entrainment one must minimize the Stokes 
Number. Thus for a given depositing species this 
would imply a choice of carrier gas with similar 
molecular weight. However, as we shall see In the 
next subsection of this document which describes 
the deposition step, a regime of high Stokes Num- 
ber may be desirable at the end of the transport 
step, so in certain applications it may be highly 
desirable to choose a carrier gas of much lower 
molecular mass to that of the depositing species. 

The Mach Number (i.e. flow velocity), Stokes 
Number, and thus the transport will depend com- 
pletely on the following parameters: 

1) Initial pressure 

2) Initial temperature 

3) Pressure ratio (across nozzle) 

4) Nozzle geometry 

5) Concentration of minority species 

6) Mass ratio (depositing to carrier species) 

7) Diffusion coefficient (depositing species in 
earner) 

8) Carrier gas viscosity 

9) Specific heat ratio of carrier gas 

Again, when one employs my process for a given 
choice of depositing species and canrier fluid, pa- 
rameter 1 through 5 can be varied independantly. 
As one of my preferred embodiments the Nozzle 
Geometry should be designed as described below 
so that even when one Is using a disparate mass 
mixture the depositing species is efficiently en- 
trained in the carrier fluid during acceleration. Such 
a disparate mass mixture, then allows one to em- 
ploy inertial effects to achieve deposition (a de- 
scription of this follows shortly). This nozzle design 
varies with the specific chemical application and is 
done using the Navier-Stokes fluid mechanics 
mathematical model as desribed below. A shematic 
is shown in Figure (3) which is an enlargement of 
the throat section of the nozzle 1-1 in Figure (1) in 
order to better depict the upstream portion of the 
flow region Rl in which the synthesis reactions 



occur. When a condensible species 3-2 is caused 
to be formed near the centeriine of the flow 1-3 
through the nozzle 1-1 (e.g. from evaporation off a 
filament 3-3 placed there), this species will begin to 
5 diffuse outward toward the solid walls 3-1 of the 
nozzle 1-1, but it will also experience collisions with 
the molecules of the flowing carrier gas 1-3 which 
will convect It downstream. The enclosed area de- 
picts the region Rl populated by the condensible 
10 species 3-2 as they diffuse outward form the incip- 
ient jet's 1-7 axis while being transported down- 
stream. Optimal circumstances (as dipicted) are 
such that the condensible species is convected 
past the nozzle exit 3-4 before diffusion to the 
75 nozzle's throat*s walls 3-1 can occur, so condensa- 
tion on the nozzle 1-1 itself is avoided. The advan- 
tage In placing the filament 3-3 upstream from the 
nozzle throat Is that the depositing species is ac- 
celerated along with the carrier bath, so the entrain- 

20 ment is enhanced. Other geometries with differing 
transport properties are possible. 

In practice, as described below successful 
transport of a given species may be achieved over 
a wide range of flow rates (i.e. pressure ratios 

25 Pi/Pb)i so this allows variation of the thermody- 
namic and gasdynamic conditions within this range 
to optimize the synthesis reactions. Observe- that 
Equation 6 implies that increasing the carrier pres- 
sure reduces the Stokes Number and thereby In- 

30 creases the entrainment rate. If ail else remains 
constant, then by increasing the pressure ratio, one 
will increase the flow rate, and thus the transport 
rate. Furthermore, by adjusting the position at 
which the synthesis reaction begins (e.g. by chang- 

35 ing the placement of the filament in evaporation) 
and/or by changing the placement of the object to 
be coated, one can control the overall residence 
tinne of the depositing species in the gas-phase of 
the jet. This control of the residence time along 

40 with the wide latitude In setting the concentrations 
can be used to govern the synthesis reactions. 
Also one can merely change the concentrations of 
the reacting species in order to alter the synthesis 
reactions. Naturally, for a given depositing species, 

45 one is free to choose any Inert carrier fluid, which 
choice will depend on criteria peculiar to that ap- 
plication. These many degrees of freedom, afford 
great flexibility in designing an apparatus intended 
to cause a particular deposition to occur. Each 

50 envisioned application will require a systematic 
variation of these parameters to find the optimal 
configuration. 

The the analysis of the transport process is 
complicated by the very fact that the synthesis 

55 reactions may continue to occur during the trans- 
port. Consequently, as experiments have demon- 
strated a slight change in the apparatus' geometry 
can have a profound effect on the gas phase 
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residence time of the reactants, which, in turn, will 
greatly alter the products of the reaction. The addi- 
tion of a diverging section (see Figure (7)) on the 
nozzle will afford control over the gas expansion 
rate, which is not available In the case of the free 
jet (as depicted in Figure (1)). Such a section has 
been shown to change the nucleation rate of a 
seeded species by many orders of magnitude. 
Thus, a diverging section could provide another 
means of control over the synthesis reaction and 
the transport rates. 

Unfortunately, It has been recognized in gas- 
dynamics that theoretical and experimental deter- 
minations of the degree of clustering are very dif- 
ficult. But often, if clustering is extensive, a par- 
ticulate structure will persist in the morphology of 
the deposit. Whether this is desirable or not will 
depend on the given application (it would be in, 
say, the deposition of a catalytic material, since 
that catalysis may benefit from the increased sur- 
face area of a catalytic material with a particulate 
structure). 

The important point is that this phenomenon 
may be controlled to a large degree. (A treatment 
of the means of control is given in below,) Thus, 
the synthesis and transport steps -which as noted; 
can occur simultaneously - are achieved. They are 
the preliminary steps In the overall deposition reac- 
tion. 

3) Deposition and Film Growth. 

Once the depositing species is synthesized and 
convected into the region R2 of the flow field, its 
molecules migrate to the substrates surface al- 
temately or In relative combination through one of 
the following two mechanisms. 

1 ) Molecular Diffusion 

2) Inertial Impaction 

Which mechanism dominates in an actual deposi- 
tion will depend on the Stokes Number of the flow. 
As the gas mixture expands through the nozzle it 
forms a jet. When this jet encounters the object to 
be coated, which has been placed in the region R2 
of the flow field (Figure (1)), the gas flow will 
decelerate. There arises again a situation of chang- 
ing flow velocity, and the possibility of "velocity 
persistence" for the depositing species if there Is a 
significant mass disparity. This possibility will be 
specified by the Stokes Number. 

The object to be coated (i.e. the substrate 1-10 
of Figure (1)) may be a "bluff body" or it may have 
a "sharp" edge. (Including "wedges", "cones" and 
"cylinders" of small diameter compared to the jet 
diameter.) The flow past such generally character- 
ized bodies can be calculated on the basis of the 
documentation which is found in many texts on the 
theory of fluid dynamics for both the subsonic and 



supersonic cases. (One of ordinary skill in the art 
on reading this disclosure perhaps requires further 
background in the theory of fluid flow past solid 
bodies. For this purpose, reference may be had to: 
5 G.K. Batchelor, An Introduction to Fluid Dynam- 
ics, 1967 Cambridge University Press, Great 
Britain - which is specifically incorporated herein 
by reference.) The case of subsonic flow impinging 
on a bluff body will be treated first, and then the 
10 cases of the sharp edge and supersonic flow. 

The jet impingment on a blunt body (see Fig- 
ure (8)) can be likened to the so called "stagnation 
point" flow and. in fact, the deposition will be 
concentrated around the stagnation point 9-4. If the 
T5 object 9-1 has a breadth which Is an order of 
magnitude larger than the jet 1-7 diameter - which 
is of course comparable to the nozzle 1-1 orifice 
diameter (see Figure (1)) -then it should be con- 
sidered as a bluff planar body with breadth which 
20 is essentially infinitely large in comparison to the 
jet 1-7 width. Even if the object is not actually 
planar, the theory is still applicable as long as its 
shape has fairly small curvature in comparison to 
the jefs 1-7 width. 
25 The jet 1-7 (depicted as streamlines) transports 
the depositing species near the surface of the 
substrate 9-1. When the Stokes Number is suffi- 
ciently small, that is If the jars 1-7 speed is fairly 
slow or if the can-ier fluid has a molecular weight 
30 comparable to that of the depositing species or If 
the pressure is high enough (see Equation 6), then 
continuum mechanics will reign; the mixture can be 
considered In equilibrium; and diffusion will domi- 
nate the deposition process. The jet 1-7 will con- 
35 vect the condensing species 9-2 near the sub- 
strate's 9-1 surface, and because the flow speed 
will then have slowed, there will be sufficient time 
for molecular diffusion to this surface. Since the 
depositing 9-2 species can condense on the sur- 
40 face, the substrate 9-1 will "capture" this species 
from the gas-phase and a solid deposit 9-3 will 
form. The substrate 9-1 acts like a mass "sink" for 
the condensing species 9-2 - at least in the sense 
that said species Is a gas-phase species. But since 
45 the depositing species Is removed from the gas- 
phase, its concentration in. the gas mixture is de- 
pleted in the portion of the flow field abutting the 
substrate 9-1 surface (this flow region is termed R2 
In Rgure (1)). This, of course, causes a spatial 
50 concentration gradient which drives further gas- 
phase diffusion in the mixture of the depositing 
species toward the substrate 9-1 surface. This pro- 
cess continues as the gas flows along the "infinite" 
breadth of the "bluff body" substrate 9-1 and es- 
55 sentially all of the depositing species 9-2 con- 
denses from the gas-phase. Thus, nearly all of the 
synthesized depositing species 9-2 condenses into 
thin film 9-3 form. The carrier gas exits the de- 
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postlon chamber downstream, and convects along 
with It any of the reactant species remaining in the 
gas-phase which were not fully consumed in the 
synthesis reactions producing the condensible spe- 
cies. However, if the carrier gas is recirculated via 
the recirculation loop 1-9 (see Figure (1)), then 
these reactant species are also recycled and they 
are reintroduced in the flow through the nozzle 1-1 
and into the flow region R1 where they again have 
a chance of being consumed in the continuing 
synthesis reactions. So even when a specific pre- 
ferred embodiment Involves the fabrication of a thin 
film using a deposition process which includes a 
chemical synthesis reaction step that is only frac- 
tionally efficient in converting the gas-phase reac- 
tion precursors into the desired depositing species, 
there Is still high efficiency in the use of materials 
because the unreacted gas-phase species can 
easily be recovered and recycled. Thus my inven- 
tion of method and apparatus for depositing thin 
films is highly efficient in that it converts nearly all 
of the initial raw chemicals Into the desired thin film 
material. 

The alternate deposition mechanism occurs 
when the Stokes Number of the flow is large, but 
even when inertial Impaction Is the dominant 
mechanism, diffusion still insures that all of the 
depositing species condenses - even that small 
portion of the depositing species* molecular popu- 
lation with insufficient velocity to be inertially im- 
pacted. The treatment of Inertial Impaction will be- 
gin with a discussion of the most important aspect 
of this phenomenon as it affects the condensation 
reaction: the unusually high kinetic energies of the 
depositing species molecules in the case where 
there Is significant disparity in the molecular 
masses (i.e. md/mc is large), and the flow speed is 
fast. This large energy can affect the chemical 
reactions at the substrate surface as the heavy 
species collides with the atoms of the surface. 
(One of ordinary skill In the art on reading this 
disclosure perhaps require further background in 
the field of surface Impact chemistry. For this pur- 
pose, reference may be had to: M.S. Connolly, et 
al, "Activation of Chemical Reaction by Impact of 
Molecules on a Surface", Journal of Physical 
Chemistry 85 (3), 1981 American Chemical Soci- 
ety : or E. Kolodney, et al, "Collision Induced 
Dissociation of Molecular Iodine on Sapphire", 
Journal of Chemical Physics 79 (9), 1983 Ameri- 
can Institute of Physics ~ which are both specifi- 
cally incorporated herein by reference.) Consider 
the expansion of the carrier gas. Before the expan- 
sion begins, the carrier gas has enthalpy (H) given 
by: 

(7) H = kBT,7/(7-1) 



where: 

7 a specific heat ratio of carrier gas 

ks B Boltzmann's constant 

Ti a Initial (stagnation) absolute temperature 

5 Since the factor [y/{y - 1)] dependes on the gas. 
but is always of order unity, the enthalpy is always 
of order (ksTi). If the expansion occurs Into a region 
that has been largely evacuated, this enthalpy will 
be mostly converted to kinetic energy of the light 

70 gas flow (K). 

(8) K a (mc/2)U2 = H 
where: 

75 mc s molecular weight of carrier 
U B Flow velocity 

Provided the expansion has preceded at a rate 
slow enough so that the Stokes Number has re- 
mained low, the heavy molecules of the depositing 
20 species dispersed in the flow will be efficiently 
entrained and will therefore share this velocity (U) 
and have their own kinetic energy, {K^) which is 
defined as: 

25 (9) Kd s (md/2)U2 = (md/mc)H 

where: 

rn^j B molecular mass of depositing species 

As previously observed, the mass ratio can be of 

30 order 100, so the kinetic energy of the heavy 
species can be unusually high, much greater than 
its initial thermal energy. Even when the flow re- 
mains subsonic, such a heavy species may have a 
kinetic energy of several electron volts per mol- 

35 ecule. provided the Mach Number is high (although 
less than 1) and the heavy nnolecules have been 
adequately entrained. When this mechanical en- 
ergy of the depositing species is very large, Its 
initial themnal energy may be an insignificant frac- 

40 tion of its total energy so the molecules can be 
highly monoenergenetic. (One of ordinary skill in 
the art on reading this disclosure may require fur- 
ther background in the flow energies of nozzle 
beams - particularly in the energy distribution 

45 among the population of heavy molecules seeded 
in the flow of a light gas. For this purpose, refer- 
ence may be had to: J.B. Anderson, "Molecular 
Beams from Nozzle Sources", Gasdynamics, Vol. 
4, 1974 Marcel Dekker. New York.) High velocity 

50 also means very high momentum for the heavy 
molecules; from this arises the inertia! effects. 

An important feature of the stagnation point is 
that the continuum flow actually has zero flow ve- 
locity there. Naturally, the gas cannot have a ve- 

55 loclty perpendicular to the flat plate, directly at the 
flat plate, but also the gas* finite viscosity insures 
that there is no lateral flow of gas in the layer of 
fluid immediately next to the plate. This Is the so 
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called "no slip condition" for Newtonian fluids. 
These features imply that the flow In the immediate 
region of the stagnation point is very slow. Now as 
the depositing species is accelerated through the 
nozzle in high Mach Number flow, it will have a 5 
velocity comparable to the speed of sound of the 
carrier fluid which is of order one kilometer per 
second for light gases like helium or hydrogen at 
room temperature. When the jet then encounters 
the stagnation point region, the flow must decel- io 
erate to near zero velocity (zero at the solid sur- 
face). Obviously, regimes of extremely high decel- 
eration can be set up in the flow field. If the Stokes 
Number Is then large enough (since it is propor- 
tional to the acceleration), the viscous forces of the is 
can'ier fluid may not be adequately large to main- 
tain the heavy molecules In the continuum regime. 
They become disentralned from the carrier's con- 
tinuum flow and pursue independent trajectories, 
encountering the plate at finite velocities, where 20 
they impact to form the deposit. The behavior is 
analagous to the what has been called inertial 
Impaction of aerosol particles, (One of ordinary skill 
in the art may on reading this disclosure may 
require further background in the field of aerosol 25 
physics. For this purpose, reference may be had 
to: D.T. Shaw Recent Developments in Aerosoi 
Science, 1978 J. Wiley, New York « which is 
incorporated herein specifically by reference.) 

The deposition process should be viewed as a 30 
hetrogeneous chemical reaction. As previously ob- 
served, when the depositing species is inertially 
impacted, Its large amount of kinetic energy can 
play an important role in this condensation reac- 
tion. Indeed with supersonic flow velocities, a sta- 35 
ble species can be caused to dissociate soley 
through the collision energy of impaction. A change 
in flow velocity can alter the energy of Impaction, 
which in turn markedly affects the hetrogeneous 
reaction and the qualities of the thin film thereby 40 
produced. As stated previously, changes in the flow 
velocity and in the concentration (partial pressure) 
of the reactant species can affect the synthesis 
reactions; however, if one assumes that the identity 
of the depositing species remains constant, these 45 
parameters (through their governance of the rates 
at which the depositing species molecules are in- 
troduced at the substrate surface and their kinetic 
energies) as well as the substrate temperature are 
the main variables governing the condensation 50 
chemical reaction. These variables can, of course, 
be controlled, and there is great latitude in setting 
them so it is possible that many useful deposition 
reactions, each of which would precede optimally 
at specific conditions within this wide range of 55 
possible conditions, could be induced to occur. 

This theory can be extended to the case of 
sharp edged substrates. For a "wedge" or "a)ne" 



oriented so that its sharpe edge is directed into the 
flow of the jet 1-7. (see Figure (9)) the stagnation 
point 10-4 will occur on that edge (even a very 
sharp edge is blunt on a molecular scale). Any 
inertial impaction will occur on or near the sharp 
edge only, however viscosity will slow the flow past 
the wedge's sides, so the deposition due to molec- 
ular diffusion will occur on these sides. The relative 
importance of each of these mechanisms will de- 
pend on the flow speed, identity of the carrier and 
depositing species, and the specific flow geometry. 

In case of a "cylinder" or "sphere" (see Rgure 
(10)) with diameter smaller than the diameter of the 
jet 1-7. impaction will be the only mechanism at 
high speed, and will occur on the upstream surface 
where again there is a stagnation point 11-4; 
whereas at low speed diffusion will allow condensa- 
tion on areas of the substrate 11-1 surfaces further 
downstream. However, since the substrate Is of 
camparable size to the jet' 1-7 width, diffusion will 
not insure that all of the depositing species mol- 
ecules 11-2 will encounter the substrate 11-1 and 
deposit Some molecules 11-2 will "miss" and be 
convected downstream. 

These concepts apply as well to the super- 
sonic case. The highest heavy species kinetic en- 
ergies can be achieved in this case, which can be 
of order ten electron volts per molecule. Such high 
energies are not possible with conventional Chemi- 
cal Vapor Deposition, or Evaporative Coating Pro- 
cesses and they are achieved in a low vacuum 
environment in contrast to the high vacuums re- 
quired of Sputtering, conventional Evaporative 
Coating and other deposition technologies. In the 
supersonic case, one must be aware that detached 
shocks will form before blunt objects placed in 
region R2 (see Figure (1)) while attached shocks 
form on sharp edged objects. In the latter case, a 
heavy depositing species will be impacted with 
highest energy at the point of the shock attachment 
(the sharp edge itself), otherwise the flow is decel- 
erated through the shock so the depositing species 
will lose some of its high free stream velocity. In 
the case of the detached shock, the best choice of 
characteristic length (d) for calculating the Stokes 
Number (see Equations 4 and 6) of the flow is the 
shock to object distance. 

In summary, my preferred deposition process 
embodies the disclosed three steps: 

1 ) Synthesis of depositing species 

2) Transport of said species 

3) Deposition and film growth 

The deposition process may be viewed as one 
long steady state, gas-phase chemical reaction 
which begins with the reaction that synthesizes the 
depositing species, and ends as that species forms 
a deposit in the condensation reaction. The latter 
reaction is heterogenous and results in the forma- 
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tion of a network solid with chemical bonding to the 
substrate surface. The means of controlling the 
evolving chemical reactions is now described. 

A benefit of using the carrier fluid mechanism 
of transport is that dominant flow of the inert carrier 
serves to purge the apparatus of gas phase impuri- 
ties; thus control of the deposition chamber at- 
mosphere Is achieved. Specifically, before deposi- 
tion begins, the flow of the pure carrier fluid is 
established through the apparatus. Any unwanted 
species introduced into the interior of the vacuum 
system (while it may have been open to the am- 
bient atmosphere) will be entrained in the ^carrier 
flow and convected out. Provided there are no 
leaks in the apparatus, the flow will be of the pure 
carrier • fluid. (The flow is presumed to originate 
from a storage chamber charged with a supply of 
highly purified inert gas.) Next, the flow of the 
reactants is established and the deposition reaction 
initiated. In this manner, the identity of the species 
Involved in the synthesis and deposition reactants 
Is controlled. 

Even if there are small leaks in the deposition 
chamber's walls, the carrier gas flows between the 
substrate and these walls and presents somewhat 
of a dynamic ban-ier which isolates the deposition 
reaction from these possible sources of impurities. 
In other words, the fast carrier gas flow convects 
the atmospheric impurities (or impurities due to 
outgassing of the chamber's solid surfaces) down- 
stream before there is time for them to diffuse 
across the flow to the substrate. (Naturally, this 
effect will be strongly dependent on the size and 
position of the leak in the system.) Futhermore, it is 
conceivable that the entire deposition could occur 
In a system with carrier gas pressure always higher 
than atmospheric pressure. Thus, any leaks would 
leak out. There are no fundamental theoretical rea- 
sons which would preclude this concept, however 
the enormous pumps needed to operate at such 
high pressures ~ and therefore such high mass 
flux - have not been available for use in a labora- 
tory demonstration. (Naturally, in practice the eco- 
nomic costs of operating such pumps must bal- 
anced against the benefits of a high pressure pro- 
cess.) In any event, the predominant flow of inert 
carrier serves to purge the apparatus Initially and to 
maintain a controlled atmosphere for deposition. 
Thus the only species present are the inert carrier 
and the reactant species. Their relative concentra- 
tions can be varied provided the total number den- 
sity of the reactants remains small compared to 
that of the carrier. Depending on the degree to 
which they are in equilibrium with the carrier fluid, 
the reactants partial pressures and temperatures 
will be determined by the pressure and tempera- 
ture of the carrier gas. which depend throughout 
the flow field on their initial values before the 



expansion (P| and T|), on the nozzle's (variable) 
geometry, and on the flow pressure ratio (P|/Pb. 
where Pb is the background pressure in the deposi- 
tion chamber). These parameters will control the 
5 velocity, pressure and temperature fields through- 
out the flow field (assuming negligible energy addi- 
tion or consumption due to the synthesis reac- 
tions) and thus these latter thermodynamic con- 
ditions which govern the chemistry of the process 

10 can be manipulated to optimize the envisioned 
synthesis and condensation reactions. Anomalies 
due to disequilibrium in the gas mixture, or those 
caused by non-negligible energy transfer to or from 
the flow, can be estimated using the Stokes Num- 

15 ber, along with other standard techniques em- 
ployed in the theory of mass, and energy transport 
in chemically reacting fluid flows. 

In a flowing chemically reacting fluid under 
steady state conditions, the reactions occur over 

20 distance; the time of the reaction is the time need- 
ed for the flow to convect the reactants over the 
distance and through the reaction. Thus the flow 
field not only determines the energetics of the 
reaction; the velocity field and apparatus* geometry 

25 (e.g. the nozzle to substrate distance, or length of 
the free jet.) will also determine the residence time 
of the reactant species in the gas-phase, and there- 
fore the time of the reaction. More precisely, the 
concentration, self collision time, and residence 

30 tinne of the reactants will specify their probability of 
interaction. This probability along with the energy 
of this molecular Interaction will determine the^syn- 
thesis reactions. Both probability and energy can 
be largely controlled In this system through the 

35 following macroscopic variables. 

1) Choice of carrier gas 

2) Apparatus Geometry 

3) Mixture concentration 

4) Mixture initial pressure 

40 5) Mixture initial temperature 

6) Base pressure in deposition chamber. 
Through these variables the system affords control 
over the synthesis reaction. The optimal conditions 
will depend on each application. 

46 The deposition reaction can also be largely 
controlled by setting the substrate temperature, 
and the energy of the depositing molecules. By 
controlling the substrate temperature, one can con- 
trol the thermal "history" of the thin film solid being 

50 formed. The rate of quench is extremely important 
In deternnining the properties of the product solid 
phase material. When the flowing carrier fluid and 
depositing species are in equilibrium, the energy of 
the depositing molecules as they encounter the 

55 substrate surface will be determined by the flow 
temperature, but in the case of extreme disequilib- 
rium under which inertial impaction can occur, the 
depositing molecules may encounter the substrate 
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with very large translatlonal energy (as discussed 
previously), which will, of course, affect the deposi- 
tion reaction. 

As previously stated, the degree of disequilib- 
rium can be represented by the Stokes Number. 5 
To calculate precisely the distance (d) over which 
the deceleration of the jet occurs before impaction 
- and which (d) appears in the Equation (6), defin- 
ing the Stokes Number - one must solve the 
Navier - Stokes Equations governing the flow. This io 
is a relatively complicated task. However, for many 
geometrys one could borrow from the developed 
theory of aerosol impactor design. (One of ordinary 
skill In the art on reading this disclosure may have 
need of further background in the field of aerosol 76 
impactors. For this purpose reference can be made 
to: K. Willeke; et al. "The Influence of Flow Entry 
and Collecting Surface on the Performance of Iner- 
tia! Impactors", Journal of Colloid and Interface 
Science 53 (1), 1983 American Institute of Physics; 20 
and V.A. Marple, et al, " Impactor Design", At- 
mospheric Environment 10, 1976 Pergamon 
Press, Great Britain - which are both Incorporated 
herein specifically by reference). Marple, et al, note 
that (d) should be equated with the hydraulic diam- 25 
eter of the free jet. (For a circular orifice, the 
hydraulic diameter is merely the orifice diameter, 
while for a rectangular orifice, the hydraulic diam- 
eter Is one half of the orifice width.) This conclusion 
Is only valid at high Reynolds Number flow and 30 
only If there is enough distance between the nozzle 
exit and the substrate for a subsonic jet to develop. 
The latter condition is satisfied provided that the 
distance Is greater than the nozzle orifice's char- 
acteristic width. Following the development in Mar- 35 
pie's work one would employ the free jet velocity 
(U) as the velocjty In Equation (6). (The velocity of 
the free jet can be calculated using the standard 
theory of continuum mechanics, assuming that the 
gas is only composed of the pure carrier fluid.) 40 
Here one must assume that a heavy species 
shares this velocity with the light gas, or in other 
words does not "lag". 

For the heavy species to be in equilibrium 
within the free jet of light canier, they must be 45 
efficiently entrained in the accelerating flow of the 
carrier through the nozzle. To insure this the nozzle 
must be designed to minimize the Stokes Number 
in the accelerating part of the flow. Rather than 
solving the complete Navier-Stokes Equations of 50 
the accelerating flow (as Willeke, et al and Marple, 
et al, have done) one can begin with the standard 
one dimensional approximation of the carrier flow 
through the nozzle. (Again see J.D. Anderson, Jr., 
Modern Compressible Flow, as cited previously.) 55 
One approximates the flow velocity as the compo- 
nent of the velocity along the axis of the nozzle, 
calling this the X - coordinate, while neglecting the 



other components. The flow velocity (U) is a scalar 
in this approximation and for a given mass flux will 
completely depend on the nozzle geometry. Spe- 
cifically, the flow velocity (U) at a position (X) will 
be inversely proportional to the cross sectional 
area (A) of the nozzle duct through which the flow 
must pass at that position. This is a simple con- 
sequence of mass conservation and so (U) as a 
function of {X) will depend on (A) as a function of 
(X) (i.e. the velocity depends on the nozzle geome- 
try). One can define a local Stokes Number: 

(10) SsT(dU/dX) 

where: 

dU/dX s the spatial gradient of U. 
And by requiring the accelerating part of the flow 
field to be one in which dU/dX is minimized, the 
Stokes Number is also minimized. This will, in turn, 
establish (A) as a function of pC) thereby specifying 
the nozzle's geometry. (It must be remembered 
that only if S «: 1, will the depositing species be in 
equilibrium and therefore adequately entrained.) In 
practice, one must compromise between minimiz- 
ing the acceleration Stokes Number, and maximiz- 
ing the deceleration Stokes Number to achieve 
inertia! impaction of a species. Each application will 
have Its own specific requirements. Of course, 
these requirements must also be balanced against 
optimizing the flow conditions to achieve proper 
synthesis of the depositing species. All of these 
variables will depend on the desired application. 

In addition, each application will dictate the 
choice of nozzle geometry, and choice of substrate 
shape and material. All experimental demonstra- 
tions were performed with a conical nozzle, but for 
coating a broad area, a rectangular nozzle, (with 
one long dimension) may be employed. To coat a 
large area (see Figure (11)), the substrate 12-1 
may be moved through the jet 1-7. Although the 
condensation of the depositing species 12-2 is 
concentrated at the stagnation point 12-4, this point 
(or line in the case of a rectangular nozzle) is 
moved across the substrate's 12-1 surface, so that 
the deposition also occurs across the entire sur- 
face. The rate of motion will determine the thick- 
ness and evenness (discounting edge effects) of 
the thin film deposit 12-3 so produced. 

In practice, the substrates may be coated in a 
"batch" mode (see Figure (12)) in which the depo- 
sition chamber is "charged" with many individual 
substrates 13-2. before it is sealed from the at- 
mosphere, and then a mechanism 13-1 positions 
each individual substrate 13-2 under the jet 1-7 to 
recieve its thin film coating 13-3 as the depositing 
species 13-4 is convected to it and condenses on 
it. Alternately, for rolled or colled stock as substrate 
material, the deposition may occur in a "semi- 



16 



31 



EP 0 173 715 B1 



32 



continous" mode (see Figure(13)), in which the 
deposition chamber is charged with a "spool" 14-2 
of substrate material 14-1. This material 14-1 Is 
continuously "unwound" and passed through the 
jet 1-7, and wound onto another "spool" 14-6 posi- 5 
tioned to receive it. The substrate material 14-1 
receives Its thin film deposit 14-4 at the stagnation 
point 14-5 where the jet 1-7 impinges on It At the 
stagnation point 14-5, the depositing species con- 
denses. The final product is a roll or coil of coated 10 
material. The entire apparatus depicted in Rgure- 
(13) is contained within the deposition chamber 1-2 
of Rgure (1) (not depicted here), and is substituted 
for the generalized substrate 1-10 of Rgure (1). 

True continuous deposition could be achieved 75 
if the deposition chamber were open to the at- 
mosphere. This would require maintenance of the 
pressure in this chamber at slightly above the 
ambient pressure so that some carrier gas could 
flow out the open ports and insure that no at- 20 
mospheric species could diffuse inward. A gas 
gating mechanism could maintain the control of the 
chamber atmoshpere. Of course, if the deposition 
chamber Is at about one atmosphere pressure, the 
carrier gas initial pressure must be comparatively 25 
higher. The substrates would then be placed Into 
the deposition chamber through the gas gate, and 
removed through another. In practice, these added 
complications and cost of the lost carrier gas, as 
well as the degree of control needed over the 30 
deposition atmosphere, must be balanced against 
the need for continuous operation. 

An alternate embodiment, which may be pre- 
ferred, in say, powdered metallurgy applications is 
the mode of deposition depicted in Rgure (15). The 35 
rotating drum 15-1 is contained within the deposi- 
tion chamber 1-2 (not depicted) of the general 
apparatus In Rgure (1). The drum 15-1 is substi- 
tuted for the general substrate 1-10 in Rgure (1). 
As the drum 15-1 rotates, the portion of Its surface 4o 
alligned into the jet 1-7 changes, so the depositing 
species 15-2 condensing at the stagnation point 
15-3 begin to coat the rotating drum's 15-1 surface 
with a thin film 15-4. At another point on the drum's 
15-1 surface, is alligned the scraper 15-5, which 46 
scrapes the thin film deposit 15-4 off the rotating 
drum 15-1. The powder 15-6 thus formed is col- 
lected in the hopper 15-7. Also depicted are 
mechanisms 15-8 for heating and cooling the rotat- 
ing drum's 15-1 surface in order to facilitate the 50 
deposition and powdering processes. After the hop- 
per 15-7 is filled with powder, the deposition Is 
complete and the deposition chamber is opened to 
remove the product hopper 15-7 of powder 15-6. 
This technique is highly useful for the controlled 55 
atmosphere evaporation and condensation of ma- 
terials needed for production of ultra pure powders 
of the so-called "super alloys", which are later 



compacted into very critical parts such as helecop- 
ter rotor hubs, jet engine components, etc. Further- 
more, the operation of my apparatus at the fairly 
high pressures that are allowable, would also facili- 
tate merging the apparatus onto other high pres- 
sure devices for the controlled atmosphere han- 
dling and casting of powdered materials. 

In an alternate embodiment similar to the al- 
ternate embodiment of Figure(14), which would be 
the preferred embodiment for the production of 
sheet or ribbon material by removing the product 
thin film deposit from the substrate, a rotating drum 
16-1 (see Rgure (15)) is placed in the deposition 
chamber 1-2 (not depicted, see Figure (1)) in place 
of the substrate 1-10. The jet 1-7, carrying the 
depositing species 16-2, impinges on the drum 16- 
1, and the depositing species 16-2 condenses in 
the stagnation point region 16-3. As the drum 16-1 
rotates its surface through the stagnation point 16- 
3, a thin film deposit 16-4 forms and coats the 
surface. At another point on the dmm's 16-1 sur- 
face, a knife 16-5 is positioned to peel the thin film 
deposit 16-4 off the surface. The product ribbon or 
sheet material 16-7 Is pulled off the surface with 
the mechanism 16-6. Elements 16-8 for heating 
and cooling the drum 16-1 surface to facilitate the 
deposition and peeling processes are depicted. An 
apparatus, such as the one depicted in Figure (15) 
would be highly useful for the production of thin 
metal foils, often used in electronics applications. 
Since the drum 16-1 can be maintained at high or 
low temperatures, high temperature phases of met- 
al alloys may be condensed and quenched into 
metastable phases at room temperature. In this 
manner the so called amorphous metals may be 
produced. The device depicted in Figure (15), in 
fact, appears similar in certain respects to other 
rotating drum devices used to produce amorphous 
metal ribbons, but these devices quench the metal 
from a melt, whereas my method involves quench- 
ing from the vapor phase. 

Two rotating drum devices are depicted in Fig- 
ures (14) and (15), and are used in prefered em- 
bodiments designed specifically for the production 
of powdered materials and ribbon materials. These 
results could be obtained equally well with devices 
employing other '^continuously" moving surfaces, 
say with a revolving disk, or a belt on spindles. 
Such simple alterations on the theme of continuous 
motion of a surface are each not depicted In a 
seperate Rgure, but rather are considered as de- 
picted in Figures (14) and (15). 

Description of Further Specific Examples 

Several experiments, which are specific exam- 
ples of my invention were performed to demon- 
strate the concept of gas jet deposition. The ex- 
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perimental apparatus Is depicted in Figure (16). 
whereas the exact dimensions of the conical noz- 
zles* geonnetries appear in Figure (17). The carrier 
gas. and in certain instances dilute concentrations 
of admixed reactant species, enters the apparatus 
at 17-1. Subsequently it flows through a needle 
valve 17-2, which controls the mass flux and then 
the flow Is "choked" through a small orifice 17-4 
(0.2 mm in diameter). The pressure upstream Is 
measued at 17-3. A measurement of the pressure 
(Pu) upstream of the small orifice, Is also an in- 
direct measure of the mass flux, because the flow 
through the small orifice is maintained supersonic, 
and then the mass flux Is given by: 

(11) m = [2/(7 + ' ^»(irdso2Pu/4y[p/- 

(RiTu)] 

where: 

7 B Specific heat ratio 

dso s Small orifice diameter 

Pu s Pressure upstream (before expansion) 

Tu s Temperature upstream 

Ri s Ideal gas constant 

In this case, the upstream temperature (Tu) could 
be assumed room temperature. For a given gas 
and orifice, the mass flux is therefore dependent 
only on the upstream pressure (Pu). In experi- 
ments, the mass flux was approximately 5 milli- 
grams per second. 

After entering the nozzle 17-10 the gas flow 
over a tungsten filament 17-9 (wire, 0.2 mm in 
diameter, approx. 1 mm long) which is placed 
transverse to the flow, centered on the axis of the 
nozzle, and set within one nozzle diameter (dp = 
2.0mm) of the entrance to the nozzle throat section 
(see Figure (17)). This filament 17-9 is heated 
resistively, and is the source of the depositing 
species. The gas entrains these species, expands 
through the nozzle throat forming a jet that enters 
the deposition chamber 17^8 with speed (U) and 
finally impacts on a glass plate 17-11, which is 
positioned several nozzle diameters downstream of 
the nozzle exit. The flow from the deposition cham- 
ber 17-8 is removed by a mechanical pump posi- 
tioned at 17-15 at the rate of 160 liters per minute. 

The pressure upstream of the nozzle 17-10 
could be measured at 17-7. whereas the base 
pressure in the deposition chamber 17-8 was mea- 
sured at 17-13. A throttling valve 17-14 permits 
regulation of the jet Mach Number, which is cal- 
culated assuming an isentropic expansion (a good 
approximation at high Reynolds Number), by the 
following Equation: 

(12) M = V<2/(7 - 1 )][(P,/Pb"' ■ ^^^^ - 1 ]» 
where: 



Pi 5 initial pressure upstream of nozzle 

Pb s Base pressure in deposition chamber 

All pressures were measured with either oil or 

mercury manometers, while the tungsten filament 

5 17-9 temperature (Tf) was measured using an op- 
tical pyrometer 1 7-6 

The Reynolds Number of the jet can be cal- 
culated from the mass flux, given In Equation (11), 
since conservation of mass through the entire sys- 

10 tern (in steady state) requires: 

(13) m = 7rpUd„2/4 
where: 

75 pa carrier gas density 
dn s Nozzle diameter 
U e Jet velocity 

The definition of the Reynolds Number (R) of the 
jet is: 

20 

(14) R s pUdnAl 
where: 

u B carrier gas viscosity 
26 Upon substitution of (13) into (14), 

(15) R = 4m/(irud„) 

During operation the Reynold's Number was of 

30 order 100, which is actually not entirely large 
enough to satisfy the Isentropic assumption behind 
the Mach Number calculation (Equation (12)). How- 
ever, short of a numerical analysis, Equation 12 is 
the only means of estimating the Mach Number. 

35 and it should be fairly acurate at (R - 100). 

These Equations for the Mach Number (M) 
(Equation 12) and the Reynolds Number (R) (eq. 
14) are only valid for subsonic flow, and they 
neglect any energy addition by the hot filament. 

40 Also the specific heat ratio (7) of the carrier gas 
only is used which neglects the presence of any 
reactants In mixture. Still, these Equations should 
yield highly accurate estimates of the basic prop- 
erties of the flow field - within their range of 

45 validity. 

The apparatus of Figure (16) was used (with 
nozzle of geometry no.1, in Figure (17)) to deposit 
three species for three seperate demonstrations of 
the technique. 

50 Experiment (1): A mixture of (0.5 molar %) silane in 
helium was flowed through the system. The up- 
stream flow was maintained at pressure (Pu - 400 
torr). while the filament was heated to temperature 
(T, - 2400 C). At this temperature the silane de- 

55 composed at the filament into various condensing 
silicon-hydride radicals and a deposit formed on 
the glass slide. Deposition occurred over a fairly 
wide range of Mach Number (0.4 < M < 1). The 
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initial pressure (Pi) - pressure at the filament - 
before expansion was of order 1 torr, while the 
base pressure (Pb) in the deposition chamber was 
correspondingly less, as the pressure ratio ranged 
over: (1.3 < Pj/Pb < 2). 6 

Since the molecular mass ratio of silane to 
helium is only about eight (md/mc - 8), the domi- 
nant mechanism of deposition was surely diffusion, 
at these subsonic flow velocities (M < 1). The large 
pump needed to irKJuce supersonic flow through io 
this geometry was not available. 

A nozzle with similar geometry, except that it 
had four times the throat length (see no. 2, Rgure 
(17)) was also tested. In this case, viscosity slowed 
the flow considerably and increased the residence 75 
time of the condensible species in the gas-phase. 
Significant nucleation of gas-phase clusters result- 
ed and a particulate nature persisted In the mor- 
phology of the deposit. Indeed, a small change in 
apparatus geometry can have significant conse- 20 
quence for the quality of the deposit. 

An infra-red spectral analysis of the amorphous 
hydrogenated silicon deposit, formed by the first 
means showed no trace of atmospheric impurities, 
thus demonstrating that the atmosphere during de- 25 
position was controlled. 

Contaminant-free samples of hydrogenated 
amorphous-silicon in thin film form can display 
semiconducting properties. Furthermore, these ma- 
terials may be doped to form homojunctions. Dop- 30 
ants often used are boron and phosphorus. In my 
method, the doping of the hydrogenated amor- 
phous silicon can be achieved simply by premixing 
small concentrations (compared to the concentra- 
tion of silane) of dopant bearing gases (e.g phos- 35 
phene or diborene) into the flowing gas mixture of 
silane and the inert carrier gas. These dopant bear- 
ing species will dissociate at the hot surface of the 
filament just as the silane does, and the dopants 
bearing radicals will then condense along with the 40 
silane and be incorporated in the amorphous-sili- 
con solid. Such is one example of usefulness of the 
reactant introduction mechanism 1 depicted by Fig- 
ure (4), when It is being employed to introduce 
several differing reactant species. 45 

Research has been reported in the literature, in 
which amorphous-silicon thin film materials alloyed 
with fluorine have been deposited in a plasma 
discharge apparatus from the gas-phase species, 
silicon-tetrafluoride. These materials display semi- 50 
conducting properties as well. Silicon-tetrafluoride 
may be deposited in my apparatus, as well, in a 
process exactly as above, except that (SIFa) is 
substituted for (SiH*). 

Experiment (2): A small amount (- 1 molar% ) 55 
of oxygen in helium was flowed through the system 
from an upstream pressure (Pu - 400 torr). The 
tungsten filament was maintained at a temperature 



(Tf 1400 C) at which surface oxidation occurs. 
The flow of oxygen oxidized the surface of the 
tungsten, and the oxide evaporated from the fila- 
ment, was entrained in the helium flow, and formed 
a deposit. Experiments were performed over a 
wide range of Mach Number (0.1 < M < 1 .0) and 
therfore over a wide range of pressure ratios (1 < 
P|/Pb < 2) to study the effect of inertia on the 
deposition. The pressures throughout the nozzle 
system were always of order 1 torr. At low velocity, 
the deposits were broad, implying that the tungstic- 
oxide molecules had time to diffuse radially in the 
jet. At high velocity, however, the opposite was 
true; the molecules were inertially impacted and 
concentrated near the stagnation point. 

Thus is demonstrated a fairly general method 
of depositing metal-oxide thin film coatings (such 
as with the apparatus of Figure (2)). Of course, 
such insulating thin film layers made from metal- 
oxides (e.g. aluminum-oxide, or magnesium-oxide) 
are highly useful as parts of electronic devices. 
Certain oxides can have useful conducting prop- 
erties as well (e.g. ITO, MbSnO^ or Sn02(Sb dop- 
ed)). 

Silicon-oxide thin films are also used as .con- 
stituents in electronic devices. This species can be 
codeposited with glass forming dopants or crystal 
forming dopant (depending on the final applica- 
tion). One method would be to premix silane gas 
into the stream of inert carrier gas upstream of the 
nozzle (introductory method 1, see Figure (4)). 
Dopant bearing species (e.g. diborene) could also 
be premixed in the inert carrier-silane mixture In 
the concentration chosen so that the thin film de- 
posit has the desired dopant concentration. In flow 
region R1, oxygen can be introduced via a 
seperate thin tube (delivery mechanism 3, see Fig- 
ure (6)). The silane and dopant bearing species will 
oxidize and the resulting silicon-oxide and small 
concentrations of dopant-oxide (along with residual 
hydrogen atoms) will condense to form a deposit at 
the stagnation point on the substrate. Subsequent 
annealing can be employed to drive off any unwan- 
ted hydrogen. An alternate mechanism involves the 
evaporation of silicon atoms from solid silicon 
(delivery mechanism 2, see Flgure(5)) into the inert 
carrier into which oxygen molecules have previous- 
ly been seeded (delivery mechanism 1 see Figure- 
(4)). This process of silicon-oxide deposition is 
similar to the aluminum-oxide deposition depicted 
in Figure (2). The process will be useful in the 
coating of glass optical fibers, and can have other 
applications in the deposition of useful glass thin 
films. 

It Is recognized that metal-oxides coating are 
also useful for their effectiveness in providing 
chemical protection for the supporting substrate 
material at elevated temperatures. Powdered metal- 
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oxide also can be useful in ceramics. 

In alternate applications, other species (e.g. 
nitrogen, chlorine) may be substituted as the gas- 
phase oxidizing species prennixed in the flow of the 
Inert cannier, which oxidizes the heated metal. For 
example, titanium may be the evaporated metal 
atoms which oxidize with nitrogen molecules ad- 
mixed in the inert gas flow. In this manner titanium- 
nitride coatings could be formed on substate sur- 
faces. Titanium-nitride thin films are valued for their 
extreme hardness, and so if the substrate were, 
say, a cutting tool, then the titanium-nitride deposit 
would serve as a tool coating material. 

In other specific applications involving the pro- 
duction of metal-oxide deposits, rather than 
evaporating the metal atoms from a pure solid 
metal sample (the reactant species Introduction 
mechanism 2 depicted in Rgure (5)), the metal 
atoms would first be introduced as part of a chemi- 
cal species (e.g a metal-carbonyl) which has a 
fairly high vapor pressure at normal (i.e. around 
room) temperatures. Thus, such a species could 
easily be premixed In the inert carrier fluid 
(introduction mechanism 1 depicted in Figure (4)), 
while the oxidizing species would be introduced via 
a thin tube into the reaction region R1 (see Figure 
(1)) of the flow field (delivery mechanism 3 de- 
picted in Figure (6)). In this manner, the oxidation 
reaction would occur In the flow region Rl thus 
producing a condensible metal-oxide radical to be 
deposited on the prepared substrate In the usual 
manner. 

Experiment (3): Starting from upstream pres- 
sure (Pu - 400 torr), pure helium was flowed 
through the system, and over a gold foil that was 
wrapped around the tungsten filament. The filament 
was heated to temperatures at which gold atoms 
evaporated; these were transported by the jet, and 
deposited. Again deposition could be induced to 
procede over a wide range of Mach Number (0.1 < 
M < 1). Again the initial and base pressures were 
of order 1 torr. Thus is demonstrated a general 
method for the deposition of thin solid metal films. 
Since the metal atoms are introduced into the gas- 
phase by delivery mechanism 2 (depicted in Figure 
(5)), the metal material in the flow region Rl (see 
Figure (1)) Is heated to elevated temperatures, yet 
the substrate in region R2 can remain cool. This 
would allow the fabrication of solid metal thin film 
coatings on materials (e.g. plastic, paper, etc.) 
which cannot sustain high temperatures. Such a 
metal film could have application as a conducting 
layer in an electronic device. Also, catalyst materi- 
als (e.g platinum) can be deposited in thin film 
form in a like manner. 

The evaporative coating of metals could be 
employed in conjunction with the apparatus de- 
picted in Figure (15) to produce metal foils. The 



high quench rates affordable by my method makes 
possible the condensation and production of amor- 
phous metal ribbons, which materials can have 
unusually high strength due to their lack of the line 
5 defects of a crystal lattice. 

Several metals can be evaporated simulta- 
neously, from several pure metal solid metal sam- 
ples, each placed and heated In the region Rl of 
the flow field (multiple use of delivery mechanism 

10 2, see Figures (1) and (5)). In this manner metal 
alloys may be produced. For example, titanium - 
nickel, or aluminum - nickel alloy thin film deposits 
(usually produced by cosputtering) can be pro- 
duced. These thin film materials, when alloyed 

75 properly with a small concentration of a ternary 
element (usually a rare-earth metal), can display 
large capacity for the chemisorption of hydrogen. 
Using such a material as a hydrogen storage sys- 
tem can have application in battery and fuel cell 

20 technology. 

Chromium - cobalt compounds in thin film 
coating form have recently found application in 
electronic Information storage technology, as a ma- 
terial used in computer disk memory devices. 

25 Organic molecules as well may be deposited to 
form coatings. Organic materials In bulk solid form 
(e.g. anthracene) may be heated to evaporate the 
long chain molecules into the gas-phase, so they 
may be convected by the inert carrier gas flow 

30 (see Figure (5)). The substrate may be heated or 
cooled during deposition to encourage or supress 
further polymerization and cross-linking of the long 
chain molecules that have condensed onto the 
substrates surface. Alternately, monomers may be 

35 synthesized in the gas phase and then allowed to 
polymerize during their transport in the jet to the 
substrate, where they condense. The constituent 
reactants of such gas-phase synthesis reactions 
may be Introduced into the flow via the mecha- 

40 nisms illustrated in Figures (4) and (6). Polymeric 
coatings can have useful Insulating properties; they 
are used as chemical protective coatings, and cer- 
tain polymers are known to have conducting and 
semiconducting properties. 

45 These three demonstrations indicate the gen- 
eral method which is employed to make may var- 
ious thin solid film materials. These films may be 
either conducting, semiconducting or insulating, but 
their uses are not limited to exploiting their elec- 

50 tronic properties. 

As will be seen, I have disclosed a method and 
apparatus with which can be deposited conductors 
and dielectrics as products such as solid layers or 
thin film (and then, if desired, further processed to 

55 power) composed of the following chemical spe- 
cies: Silicon, gold.tungsten. aluminum, magnesium. 
Iron, carbon, chromium, cobalt, platinum, titanium, 
germanium and other metals; solid phases of ox- 
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ides, nitrides, hydrides, fluorides, and other com- 
pounds containing ah oxidizing agent: including 
mixtures and alloys and compounds thereof in ei- 
ther crystal, polycrystal or amorphous phase. In 
addition the product can be an organic solid or a 5 
polymer. Additional understanding of the inventions 
disclosed will be found upon a reading of the 
claims of this disclosure. 

Claims 70 

1. A method of depositing a condensible gaseous 
material entrained in an inert carrier gas as a 
solid film onto a substrate surface unreactlve 

to the condensible gaseous material compris- 75 
ing: 

(a) forming a stream of inert carrier gas; 

(b) transporting the condensible gaseous 
material and the stream of the Inert carrier 

gas through a jet forming means toward the 20 
substrate surface at a speed high enough to 
prevent condensation of said gaseous ma- 
terial on said jet forming means; 

(c) Impinging the jet stream against the sub- 
strate to decelerate It to a speed low 25 
enough to effect a deposit In solid form of 

the condensible gaseous material on said 
substrate surface; and 

(d) effecting relative movement having a 
lateral component between the substrate 30 
surface and the stream of inert carrier gas 

to dispose a substantially uniform thickness 
of solid condensible gaseous material on 
the substrate surface, characterised In that 
the condensible gaseous component to be 35 
deposited on the substrate is generated 
substantially contiguous to or within the 
means for forming a jet of the inert carrier 
gas. 

2. A method according to Claim 1, wherein step 
(d) is carried out while impinging the jet stream 
on the substrate surface. 

3. A method according to Claim 1 or Claim 2, 45 
wherein the condensible gaseous material is a 
metal. 

4. A method according to any one of Claims 1 to 

3. wherein the flow of inert carrier gas is effec- 50 
ted by a mechanical pump means. 

5. A method according to Claim 4, wherein the 
gas atmosphere in the deposition system Is 
controlled by the flow of inert carrier gas which 55 
purges the flow system. 

6. A method according to Claim 4 or Claim 5, 



wherein the flow of the fluid mixture is recir- 
culated to a gas inlet of the deposition system 
via a recirculation tube. 

7. A method according to any one of Claims 4 to 
6, wherein the population of condensible mol- 
ecules of the material to be deposited is sub- 
stantially maintained within a flow region which 
insures that the molecules are far enough 
downstream in the flow of Inert gas which 
transports said material that a saturated con- 
densible vapor of the material will be con- 
vected past nozzle surfaces forming part of 
said jet forming means, which are provided to 
direct said gas. before the molecules have 
time to diffuse to and condense on said sur- 
faces. 

8. A method according to Claim 1, wherein mol- 
ecules of one or more reaction precursor spe- 
cies for synthesis of the material to be depos- 
ited and destined for consumption In an evolv- 
ing synthesis reaction or reactions occurring In 
the flow region of said inert gas stream, are 
premixed with inert carrier gas as an under- 
saturated vapor before synthesis of the ma- 
terial to be deposited. 

9. A method according to Claim 8, wherein the 
species destined to be consumed in the evolv- 
ing synthesis reactions is initially in solid or 
liquid phase bulk form, which is then heated 
until its vapor pressure rises so that the de- 
sired mass flow of reactant species is evap- 
orated off into the inert gas stream. 

10. A method according to Claim 9. wherein more 
than one reactant species is evaporated from 
more than one solid or liquid bulk material 
source into the inert gas stream. 

11. A method according to Claim 8, wherein the 
species destined for consumption In the evolv- 
ing synthesis reactions is a fluid which is deliv- 
ered via a thin tube duct that exits into the 
region of the inert gas flow so as to be en- 
trained In a stream flow field thereof. 

12. A method according to any one of Claims 8 to 
1 1 . wherein any species so introduced into the 
Inert gas flow can participate in chemical syn- 
thesis reactions which are controlled by the 
design geometry of a nozzle forming part of 
said jet forming means and which directly af- 
fects the flow conditions which govern the en- 
ergies and trajectories of the reactant species. 

13. A method according to any one of Claims 8 to 
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12. wherein synthesis reactions Cincluding dis- 
sociation) are activated by energy addition to 
the molecules by energy means consisting of 
either: 

1) heating at a hot solid surface, or 

2) absorption of radiation, or 

3) interaction with a plasma or gas dis- 
charge, or 

4) any combination of such energy means. 

14. A method according to Claim 1, wherein the 
production of overlay coatings on a supporting 
substrate is done in batch mode. 

15. A method according to Claim 1. wherein the 
production of thin film overlay coatings on a 
supporting substrate is done in continuous 
mode through the use of gas gating means. 

16. A method according to Claim 1, wherein de- 
posited layers of coatings of differing materials 
are formed by the use of one or more nozzles 
to deposit one and then the next layer. 

17. A method according to Claim 1, wherein a film 
product is deposited consisting of the following 
chemical species; silicon, gold, tungsten, alu- 
minium, magnesium, Iron, carbon, chromium, 
cobalt, platinum, titanium and germanium; solid 
phases of oxides, nitrides, hydrides, fluorides, 
and other compounds containing an oxidizing 
agent; or combination thereof, including mix- 
tures and alloys and compounds thereof in 
either the crystalline, polycrystal or amorphous 
phase. 

ia A method according to Claim 1, wherein the 
material to be deposited Is Introduced within 
an accelerating flow of the carrier gas jet con- 
tinuum travelling at a speed sufficient to en- 
train the material, and the flow is regulated so 
as to define a local Stokes Number so as to 
achieve inertial impaction of the material to be 
deposited after the carrier gas jet leaves the jet 
forming means. 

19. A method according to Claim 18, wherein the 
flow of the gas jet continuum is regulated by a 
throttle to change the Stokes Number to define 
a local Stokes Number so as to control the 
location of a transition zone adjacent to the 
target surface and the type of deposition which 
is to occur in the target area region. 

20. A method according to Claim 1, wherein a 
synthesis reaction precursor species is en- 
trained in a flow field of the gas jet continuum 
where decomposition or reaction with other 



species so entrained form the material to be 
deposited in the form of saturated condensible 
vapor which condenses from the gas jet con- 
tinuum adjacent to the target area. 

5 

21. A method according to Claim 1, wherein a 
saturated condensible vapor of the material to 
be deposited is confined within the flow field 
region of the gas jet continuum and trans- 
10 ported downstream so quickly that substan- 
tially no migration from the gas occurs until the 
saturated condensible vapour reaches the re- 
gion adjacent to the target surface. 

75 22. A method according to Claim 1, wherein within 
a flow field defining aerodynamic confinement 
within a field of said gas jet continuum, reac- 
tions occur which complete formation of the 
material to be deposited before the gas jet 

20 reaches the target substrate. 

23. A method according to Claim 1, wherein the 
gas jet continuum efficiently entrains and ac- 
celerates vapor molecules so as to cause iner- 

25 tial Impaction of the vapor molecules onto the 
substrate. 

24. A method according to Claim 1, wherein the 
gas jet continuum flows at a rate in excess of 

30 .1 Mach. 

25. A method according to Claim 24, wherein the 
gas jet continuum flows at a rate in excess of 
.4 Mach. 

36 

26. A method according to Claim 25, wherein the 
gas jet continuum flows at a rate of Mach 1 or 
greater. 

40 27. A method according to Claim 1. wherein the 
synthesis and formation as condensible vapor 
of the material to be deposited Is Isolated in 
the flow field of the gas jet continuum from the 
condensation through diffusion or inertial im- 

45 paction of the condensible vapor which occurs 

In the region adjacent the target area. 

28. A method according to Claim 1, wherein the 
gas jet continuum flow of inert gas is recir- 

50 culated after reaching the region adjacent the 

target and after the depositing material is dis- 
entrained on the target substrate as an Inert 
gas substantially free of entrained depositing 
material. 

55 

29. Apparatus for depositing a condensible gas- 
eous material entrained in an Inert carrier gas 
as a solid film on to a substrate comprising: 
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(a) a nozzle (1-1); 

(b) a deposition chamber (1-2) located 
downstream of the nozzle: 

(c) a source of inert carrier gas (1-5); 

(d) a pump (1-14) located between said 
source and said nozzle adapted to induce a 
steady flow of said carrier gas from said 
source, through said nozzle and into said 
deposition chamber, the pressure created 
by said pump being such as to move said 
carrier gas at a high speed through said 
nozzle to form a jet (1-7); 

(e) means for supporting a substrate (1-10) 
in said deposition chamber with a surface 
thereof facing said jet; 

(fj means (1-12) for imparting relative lateral 
movement between said jet and said sur- 
face; and 

(g) said jet being decelerated when it leaves 
said nozzle by expanding and impinging on 
said surface so that said material moves 
over said surface at a speed low enough for 
it to be deposited thereon and characterised 
by comprising means (3-3) contiguous to, or 
within, said nozzle for entraining said con- 
densible gaseous material in said carrier 
gas so that said material is transported 
through said nozzle at a speed high enough 
to prevent it from condensing on the nozzle 
walls. 

30. Apparatus according to Claim 29. wherein said 
pump is a mechanical pump. 

31. Apparatus according to Claim 29 or 30, further 
comprising means for heating and/or cooling 
said substrate. 

32. Apparatus according to any one of Claims 29 
to 31, further comprising means for heating 
and/or cooling said inert carrier gas. 

33. Apparatus according to any one of Claims 29 
to 32, further comprising means for recirculat- 
ing said inert cannier gas. 

34. Apparatus according to any one of Claims 29 
to 33, wherein the geometry of said nozzle 
controls the thermodynamic and gas-dynamic 
flow conditions in order to promote and op- 
timise chemical synthesis reactions taking 
place in said gas stream. 

35. Apparatus according to any one of Claims 29 
to 34. wherein said relative movement effecting 
means comprises means for moving said sub- 
strate relative to a stationary nozzle acting to 
form said jet. 



36. Apparatus according to any one of Claims 29 
to 34, wherein said relative movement effecting 
means comprises means for moving a nozzle 
acting to form said jet relative to a stationary 

5 substrate. 

37. Apparatus according to any one of Claims 29 
to 36, wherein said substrate Is in the form of a 
body having an overall breadth much greater 

10 than the width of said jet. 

38. Apparatus as claimed in any one of Claims 29 
to 37, wherein said substrate has a sharp 
edge. 

39. Apparatus as claimed in any one of Claims 29 
to 36, wherein said substrate has a breadth 
and curvature comparable with the width and 
curvature of said jet. 

20 

40. Apparatus as claimed in any one of Claims 29 
to 39, wherein means are provided for remov- 
ing deposited material from a stagnation point 
on the surface of said substrate at which point 

26 said jet impinges, whereby the removed ma- 

terial is powdered. 

41. Apparatus according to any one of Claims 29 
to 39, wherein means are provided for remov- 

30 ing deposited material from said substrate sur- 

face in ribbon or sheet fonn. 

Revendications 

35 1. Precede de depot d'un mat^riau gazeux 
condensable entratne dans un gaz porteur 
Inerte sous la forme d'une pellicule solide sur 
une surface de substrat inerte vis-^-vis du ma- 
teriau gazeux condensable, comportant les eta- 

40 pes consistant h : 

(a) former un flux de gaz porteur inerte ; 

(b) transporter le materiau gazeux conden- 
sable et le flux de gaz porteur inerte h 
travers un moyen fonmant un jet vers la 

45 surface du substrat h une Vitesse suffisam- 

ment elevee pour empecher une condensa- 
tion dudit materiau gazeux sur ledit moyen 
formant un jet ; 

(c) projeter !e flux du jet centre le substrat 
50 pour le ralentir a une vitesse sufflsamment 

basse pour effectuer un depot sous forme 
solide du materiau gazeux condensable sur 
ladlte surface du susbtrat ; et 

(d) provoquer un mouvement relatif ayant 
55 une composante lateraie entre la surface du 

substrat et le flux de gaz porteur inerte pour 
deposer une epaisseur sensiblement unifor- 
me de materiau gazeux condensable solide 
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sur la surface du substrat. caract^rise en ce 
que le composant gazeux condensable de- 
vant etre depose sur le substrat est g^nere 
senslblement adjacent a ou a i'interieur du 
moyen pour former un jet du gaz porteur 5 
Inerte. 

2. Proc6d6 selon la revendication 1, dans lequel 
I'etape (d) est effectu^e tout en projetant le 

flux de jet sur la surface du substrat. io 

3. Proc^de selon la revendication 1 ou la revendi- 
cation 2, dans lequel le materiau gazeux 
condensable est un m§tal. 

75 

4. Proc^d^ selon Tune quelconque des revendi- 
cations 1 h 3. dans lequel le flux de gaz 
porteur inerte est obtenu par une pompe m6- 
canlque. 

20 

5. Proced§ selon la revendication 4, dans lequel 
{'atmosphere gazeuse dans le systeme de de- 
pot est commandee par I'Scoulement du gaz 
porteur inerte qui purge le systeme d'§coule- 
ment. 25 

6. Precede selon la revendication 4 ou (a revendi- 
cation 5, dans fequel Tecoulement du melange 
fluide est recycle h un orifice d'admission de 

gaz du systeme de d^pdt par rinterm^diaire so 
d'un tube de recyclage. 

7. Precede seion Tune quelconque des revendi- 
cations 4^6, dans lequel la population de 
molecules condensables du materiau devant 35 
§tre depose est senslblement maintenue a I'in- 
terieur d'une region d'ecoulement qui assure 

que les molecules sont suffisamment eloi- 
gn§es en aval dans le flux de gaz inerte qui 
transporte ledit materiau pour qu'une vapeur 40 
condensable saturee du materiau soit ontraT- 
nee par convection au dela des surfaces de la 
buse formant une partie dudit moyen de for- 
mation de jet, qui sont prevues pour diriger 
ledit gaz, avant que les molecules alent le 45 
temps de diffuser et de se condenser sur 
lesdites surfaces. 

8. Precede selon la revendication 1, dans lequel 

des molecules d'un ou de plusieurs pr^cur- so 
seurs de reaction pour une synthese du mate- 
riau devant %Xre depose et destinees a etre 
consomm^es dans une ou dans des reactions 
provoquant une synthese apparaissant dans la 
region d'ecoulement dudit flux de gaz inerte, 55 
sont pr^m^Iangees au gaz porteur inerte sous 
la forme d*une vapeur non saturee avant syn- 
these du materiau devant etre depose. 



9. Precede selon la revendication 8. dans lequel 
le corps destine a etre consomme dans les 
reactions provoquant la synthese est initiale- 
ment sous forme pure en phase solide ou 
liquide, qui est ensuite chauffe jusqu'Si ce que 
sa pression de vapeur s'eleve de sorte que le 
debit desire de produit reactif est evapore 
dans le flux de gaz inerte. 

10. Precede selon la revendication 9, dans lequel 
plusieurs corps reactifs sont evapores k partir 
de plusieurs sources de materiau pur solide ou 
liquide dans le flux de gaz inerte. 

11. Precede selon la revendication 8, dans lequel 
le corps destine a etre consomme dans les 
reactions provoquant la synthese est un fluide 
qui est deiivre par Tintermediaire d'un conduit 
tubulaire mince debouchant dans la region de 
recoulement de gaz inerte de maniere a etre 
entraTne dans une region d'ecoulement de flux 
de celui-ci. 

12. Precede selon Tune quelconque des revendi- 
cations Sail, dans lequel un corps reactif 
ainsi introduit dans recoulement de gaz inerte 
peut particlper aux reactions de synthese chi- 
mique qui sont commandees par la geometrie 
d*une buse constituant une partie dudit moyen 
de formation de jet et qui affecte directement 
les conditions d'ecoulement qui regissent les 
Energies et les trajectolres du corps reactif. 

13^ Precede selon Tune quelconque des revendl- 
cations 8 a 12, dans lequel les reactions de 
synthese (y compris la dissociation) sont acti- 
vees par apport d'energle aux molecules par 
des moyens energetiques consistant soit : 

1) en un chauffage sur une surface solide 
chaude, soit 

2) absorption d'un rayonnement, soit 

3) interaction avec un plasma ou une de- 
charge dans un gaz, soit 

4) une combinaison quelconque de ces 
moyens energetiques. 

14. Precede selon la revendication 1, dans lequel 
la realisation de revetements sur un substrat 
support est effectuee par lots. 

15. Precede selon la revendication 1, dans lequel 
la realisation de revetements en peliicule min- 
ce sur un substrat support est effectuee en 
mode continu grace a Tutilisation de moyens 
de transfert de gaz. 

16. Precede selon la revendication 1, dans lequel 
des couches deposees de revetements de dif- 
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f^rents mat^riaux sont formees par rutilisation 
d*une ou de plusieurs buses pour en d^poser 
une et ensuite la couche suivante. 

17. Procedd selon la revendication 1, dans lequel 5 
. une pellicule est deposee constltuee des pro- 
duits chimiques sulvants ; silicium, or, tungste- 
ns, aluminium, magnesium, fer, carbons, chro- 
me, cobalt, platine, titans et germanium ; des 
phases solides d'oxydes, de nitrures, d'hydru- io 
res, de fluorures, et d'autres composes conte- 
nant un agent oxydant ; ou une combinaison 
de ceux-ci, y compris des melanges et alliages 
et composes de ceux-cl en phase cristalline, 
polycristalline ou amorphe. 75 

ia Precede selon la revendication 1. dans lequel 
ie mat^rrau devant Stre d4pos§ est introduit k 
rintdrieur d*un ^coulement d'acceleration du 
jet continu de gaz porteur se deplagant a une 20 
Vitesse suffisante pour entraTner Ie mat^riau. et 
I'ecoulement est regu!^ de maniere h definir 
un Nombre de Stokes local, de maniere k 
obtenir un choc par inertie du materlau devant 
etre depose apres que Ie jet de gaz porteur a 25 
quitt§ Ie moyen formant Ie jet. 

19. Precede selon la revendication 18, dans lequel 
r^coulement du Jet continu de gaz est r6gu\6 

par un 6tranglement afin de modifier Ie Norn- 30 
bre de Stokes pour definir un Nombre de 
Stokes local de maniere a commander I'em- 
placement d'une zone de transition adjacente 
h la surface de la cible et Ie type de d^pot 
devant se produire dans la region de la surface 35 
de la cible. 

20. Procede selon la revendication 1, dans lequel 
un pr^curseur de reaction de synthese est 
entraTne dans une region d^ecoulement du jet 40 
continu de gaz ou une decomposition ou une 
reaction avec d'autres produits ainsi entra1h6s 
ferment Ie materiau devant etre depos^ sous la 
forme de vapeur condensable saturee qui se 
condense a partir du jet continu de gaz adja- 45 
cent a la surface de la cible. 

21. Precede selon la revendication 1. dans lequel 
une vapeur condensable saturee du materiau 
devant itre depos^ est confinee a I'int^rieur de 50 
la region du domaine d'ecoulement du jet 
continu de gaz et transportee en aval rapide- 
ment de sorte que pratiquement aucune migra- 
tion depuis Ie gaz ne se produit jusqu'^ ce que 

la vapeur condensable saturee atteigne la re- 55 
gion adjacente k la surface de la cible. 

22- Proc6d6 selon la revendication 1, dans lequel 



k I'interieur d'un confinement a^rodynamique 
d^limitant une region d'6couIement h I'interieur 
d'une region dudit jet continu de gaz, des 
reactions se produisent qui completent la for- 
mation du materiau devant etre deposS avant 
que Ie jet de gaz n'atteigne Ie substrat de la 
cibie. 

2a Procede selon la revendication 1, dans lequel 
le jet de gaz continu entraTne efflcacement et 
acc^lere les molecules de vapeur de maniere 
a provoquer un choc par inertie des molecules 
de vapeur sur le substrat. 

24. Procede selon la revendication 1, dans lequel 
le jet de gaz continu s'^couie a une vltesse 
depassantO.I Mach. 

25. Procede selon la revendication 24, dans lequel 
le jet de gaz continu s*ecoule a une vitesse 
d^passant 0,4 Mach. 

26. Procede selon la revendication 25, dans lequel 
le jet de gaz continu s'^coule k une vitesse de 
Mach 1 ou plus. 

27. Procede selon la revendication 1. dans lequel 
la synthese et la formation en tant que vapeur 
condensable du materiau devant §tre d§pos4 
sont Isoldes dans la region d'ecoulement du jet 
de gaz continu de la condensation par diffu- 
sion ou choc par Inertie de la vapeur conden- 
sable qui se produit dans la region adjacente a 
la surface de la cible. 

28. Procede selon la revendication 1. dans lequel 
I'ecoulement continu du jet de gaz continu 
inerte est recycle apres avoir atteint la region 
adjacente a la cible et apres que le materiau 
devant etre depose n'est plus entraTnd sur le 
substrat de la cible en tant que gaz inerte 
senslblement exempt de materiau de depot 
entraTne. 

29. Dispositif pour deposer un materiau gazeux 
condensable entraTne dans un gaz porteur 
inerte sous la forme d'une pellicule solide d'un 
substrat comportant : 

(a) une buse (1-1) ; 

(b) une chambre de depot (1-2) situee en 
aval de la buse ; 

(c) une source de gaz porteur inerte (1-5) ; 

(d) une pompe (1-14) disposee entre ladite 
source et ladite buse apte a provoquer un 
ecoulement permanent dudit gaz porteur 
provenant de ladite source, a travers ladite 
buse et dans ladite chambre de depot, la 
pression creee par ladite pompe etant telle 
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qu'elle deplace tedit gaz porteur ^ une Vi- 
tesse 6\ey6e k travers ladite buse pour for- 
mer un jet (1-7) : 

(e) des moyens pour supporter un substrat 
(1-10) dans ladite chambre de depot avec s 
une surface de celui-cl tournee vers ledit jet 

(f) des moyens (1-12) pour confSrer un 
mouvement lateral relatif entre ledit jet et 
ladite surface ; et io 

(g) ledit jet etant ralenti lorsqu'll quitte ladite 
buse par detente et choc sur ladite surface 
de sorte que ledit materlau se deplace sur 
ladite surface k une vitesse suffisamment 
basse pour qu'i! soit depose sur celle-ci et is 
caracterise en ce quMI comporte des 
moyens (3-3) adjacents a, ou a I'lnterleur de 
ladite buse pour entrailier ledit mat^riau ga- 
zeux condensable dans ledit gaz porteur de 
sorte que ledit materiau est transport^ a 20 
travers ladite buse k une vitesse suffisam- 
ment elevee pour Tempecher de se conden- 
ser sur les parois de la buse. 

30. DIsposltIf selon la revendication 29, dans le- 25 
quel ladite pompe est une pompe mecanique. 

31. Dispositif selon la revendication 29 ou 30, 
comportant en outre des moyens pour chauffer 
et/ou refroidir ledit substrat. 30 

32. Dispositif selon Tune quelconque des revendi- 
cations 29 31, comportant en outre des 
moyens pour chauffer et/ou refroidir ledit gaz 
porteur inerte. 35 

33. Dispositif selon Tune quelconque des revendi- 
cations 29 a 32. comportant en outre des 
moyens pour recycler ledit gaz porteur inerte. 

40 

34. Dispositif selon Tune quelconque des revendi- 
cations 29 h 33, dans lequel la geom^trie de 
ladite buse commando les conditions d'ecoule- 
ment thermodynamique et dynamique .du gaz 

afin de favoriser et d'optlmaliser les reactions 4S 
de synthese chimique se produisant dans ledit 
flux de gaz. 

35. Dispositif selon Tune quelconque des revendi- 
cations 29 h 34, dans lequel lesdits moyens 50 
effectuant un mouvement relatif comportent 

des moyens pour deplacer ledit substrat par 
rapport h une buse stationnaire agissant pour 
former ledit jet. 

55 

36. Dispositif selon Tune quelconque des revendi- 
cations 29 a 34, dans lequel lesdits moyens 
effectuant le mouvement relatif comportent des 



moyens pour deplacer une buse agissant pour 
former ledit jet par rapport k un substrat sta- 
tionnaire. 

37. Dispositif selon I'une quelconque des revendi- 
cation 29 k 36. dans lequel ledit substrat est 
sous la forme d'un corps possedant une lar- 
geur globale beaucoup plus grande que la 
largeur dudit jet. 

38- Dispositif selon Tune quelconque des revendi- 
cations 29 k 37, dans lequel ledit substrat 
poss&de un bord vif. 

39. Dispositif selon Tune quelconque des revendi- 
cations 29 a 36, dans lequel ledit substrat 
poss§de une largeur et une courbure compara- 
bles k la largeur et k la courbure dudit jet. 

40. Dispositif selon I'une quelconque des revendi- 
cations 29 a 39, dans lequel des moyens sont 
pr§vus pour eliminer le materiau depose de- 
puis un point de stagnation sur la surface dudit 
substrat. point auquel frappe ledit jet, de telle 
sorte que le materiau ellmine est r^duit en 
poudre. 

41. Dispositif selon I'une quelconque des revendi- 
cations 29 k 39, dans lequel des moyens sont 
pr^vus pour retirer le materiau d6pos6 de ladi- 
te surface du substrat sous forme de ruban ou 
de feuille. 

Patentanspriiche 

1. Ein Verfahren zum Niederschlagen eines von 
einem inerten Tragergas mitgefuhrten konden- 
slerbaren gasfornnigen Stoffes als Feststoff- 
schicht auf eine nicht mit dem kondensierba- 
ren gasformigen Stoff reagierende Substrat- 
oberflache, welches Verfahren 

(a) die Bildung eines inerten Tragergasstro- 
mes, 

(b) den Transport des kondensierbaren gas- 
fSrmigen Stoffes und des inerten Trager- 
gasstromes durch strahlblldende Mittel hin- 
durch in Richtung auf die Substratoberfla- 
che bei einer Geschwindigkeit, welche hoch 
genug ist, urn die Kondensation des ge- 
nannten gasformigen Stoffes auf den ge- 
nannten strahlbildenden Mittein zu verhin- 
dern, 

(c) das Auftreffen des Strahls auf dem Sub- 
strat, so dai3 dieser auf eine Geschwindig- 
keit abgebremst wird, welche niedrig genug 
ist, um einen Niederschlag des kondensier- 
baren gasformigen Stoffes in fester Form 
auf die genannte Substratoberflache zu be- 
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wirken. und 

(d) die Erzeugung einer Retativbewegung 
mit eIner seitlichen Komponente zwischen 
der Substratoberflache und dem inerten 
Tragergasstrom. so 6aB auf der Substrat- 5 
oberflache der kondensierbare gasformige 
Stoff in fester Form in inn wesentlichen 
gleichmaiSiger Dicke abgelagert wird, 
umfai3t und dadurch gekennzeichnet ist, 
dafi die auf das Substrat niederzuschiagende io 
kondensierbare gasformige Komponente im 
wesentlichen in der Nahe Oder innerhaib der 
Mittel zur Bildung des inerten Tragergasstro- 
mes erzeugt wird. 

15 

2. Ein Verfahren gemai5 Anspruch 1, wobel 
Schritt (d) ausgefuhrt wird, wahrend der Strahl 
auf die Substratoberflache auftrifft. 

3. Ein verfahren gemafl Anspruch 1 oder An- 20 
spruch 2, wobei der kondensierbare gasformi- 
ge Stoff ein Metall ist. 

4. Ein Verfahren gemafl einem der Anspruche 1 

bis 3, wobei der Strom des Inerten Tragerga- 25 
ses durch mechanlsche Pumpmlttel bewirkt 
wird. 

5. Ein verfahren gemSB Anspruch 4, wobei die 
GasatmosphSre in dem Niederschlagssystem 30 
durch den Strom des inerten TrSgergases ge- 
steuert wird. welches das Str5mungssystem 
spQIt. 

6. Ein Verfahren gema/3 Anspruch 4 oder An- 35 
spruch 5, wobei der Strom des fluiden Gemi- 
sches durch ein RQckfahrungsrohr Im Kreislauf 

2u einem GaseinlaiJ des Niederschlagssystems 
zuruckgefuhrt wird. 

40 

7. Ein Verfahren gemafi einem der Anspruche 4 
bis 6, wobei die Population kondensierbarer 
Molekule des niederzuschlagenden Stoffes im 
wesentlichen innerhaib eines Stromungsbe- 
reichs gehalten wird, welcher sicherstellt, dal3 4s 
sich die Molekule in dem Strom des den ge- 
nannten Stoff transportierenden inerten Gases 
geniigend welt stromabwarts befinden, so dafl 

ein gesattigter kondensierbarer Dampf des 
Stoffes an den zu den genannten strahlbilden- 50 
den Mittein gehorigen, fur die Lenkung des 
genannten Gases vorgesehenen Dusenoberfla- 
chen vorbeibewegt wird, bevor die MolekGle 
Zeit haben. zu der genannten Oberflache zu 
diffundieren und auf dieser zu kondensleren. 55 

8. Ein Verfahren gemaB Anspruch 1 , wobei Mole- 
kOle einer Oder mehrerer Arten von Reaktions- 



vorlaufern fur die Synthese des niederzuschla- 
genden Stoffes. welche zur Umsetzung in einer 
Oder mehreren sich im StrSmungsbereich des 
genannten inerten Gasstromes entwickelnden 
Synthesereaktionen bestimmt sind, vor der 
Synthese des niederzuschlagenden Stoffes als 
untersattigter Dampf mit inertem Tragergas 
vorgemischt werden, 

9. Ein Verfahren gemaB Anspruch 8. wobei die 
zur Umsetzung in den sich. entwickelnden Syn- 
thesereaktionen bestimmte Molekullart anfang- 
lich in fester oder flQssiger Phase als loses Gut 
vorliegt, welches dann envarmt wird, bis sein 
Dampfdruck anstelgt. so daB die an den Reak- 
tionen teilnehmende MolekUtart mit dem ge- 
wunschten Massenstrom der in den inerten 
Gasstrom hinein verdampft wird. 

10. Ein Verfahren gemaB Anspruch 9. wobei mehr 
als eine an den Reaktionen teilnehmende Mo- 
lekulart aus mehr als einer Quelle festen oder 
flUssigen losen Gutes In den inerten Gasstrom 
hinein verdampft wird. 

11. Ein Verfahren gemaU Anspruch 8, wobei die 
zur Umsetzung in den sich entwickelnden Syn- 
thesereaktionen bestimmte Molekulart eine 
ROssigkeit ist, welche durch eine in den Be- 
reich des inerten Gasstromes mUndende dUn- 
ne Rohrleitung hindurch zugefUhrt wird, so daB 
sie In einem Stromungsfeld desselben mltge- 
fOhrt wird. 

12. Ein Verfahren gemafi einem der AnsprUche 8 
bis 12, wobei jede derart in den Inerten Gas- 
strom eingeleitete MolekQIart an chemlschen 
Synthesereaktionen teilnehmen kann, welche 
durch die Konstruktionsgeometrie einer zu den 
genannten strahlbildenden Mittein gehorigen 
Duse gesteuert werden, welche die die Ener- 
gien und Bahnkurven der an den Reaktionen 
teilnehmenden MolekOlarten bestimmenden 
Stromungsbedingungen unmittelbar beeinfluBt. 

13. Ein Verfahren gemaB einem der Anspruche 8 
bis 11, wobei Synthesereaktionen 
(einschlieBllch Dissoziatlon) durch Energiezu- 
fuhr zu den Molekulen durch energetische Vor- 
gange aktiviert werden, welche entweder aus 

1) der Erwarmung an einer heijBen, festen 
Oberflache oder 

2) der Absorption von Strahlung oder 

3) der Wechselwirkung mit einem Plasma 
Oder einer Gasentladung oder 

4) einer beliebigen Kombination solcher 
energetischen Vorgange bestehen. 
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14. Ein Verfahren gemafi Anspruch 1. wobei Deck- 
beschichtungen auf einem Tragersubstrat par- 
tieweise hergestellt warden. 

15. Ein Verfahren gemaB Anspruch 1, wobel 
DUnnschicht-Deckbeschichtungen auf einem 
Tragersubstrat mittels Verwendung von Gasab- 
sperrmitteln kontinuierlich hergestellt werden. 

16. Ein Verfahren gemSfi Anspruch 1, wobei nie- 
dergeschlagene Oberzugsschlchten aus unter- 
schiedlichen Stoffen dadurch gebildet werden. 
6eS mittels einer oder mehrerer DUsen zu- 
nachst die eine und danach die nachste 
Schicht niedergeschlagen wird. 

17. Ein Verfahren gemafi Anspruch 1, wobel ein 
Schichtprodukt niedergeschlagen wird, weir 
ches aus den folgenden MolekUlarten besteht: 
Silizium. Gold, Wolfram, Aluminium, Magnesi- 
um, Eisen, Kohlenstoff. Chrom. Kobalt, Platin, 
Titan und Germanium, festen Phasen von 0x1- 
den, Nitriden, Hydriden, Fluoriden und anderen 
ein Oxidatlonsmittel enthaltenden Verbindun- 
gen, oder Kombinationen hiervon eischliefilich 
Gemischen und Legierungen und Verbindun- 
gen dieser in entweder kristalliner oder polykri- 
stalliner oder amorpher Phase. 

18. Ein Verfahren gema/3 Anspruch 1, wobei der 
niederzuschlagende Stoff in einen sich be- 
schteunigenden Strom des Tragergasstrahlkon- 
tinuums eingeleitet wird, welcher sich mit einer 
zum MItreifien des Stoffes ausreichenden Ge- 
schwindigkeit bewegt, und wobei der Strom so 
geregelt wird, dafl er eine lokale Stokessche 
zahl so definiert, dafi Inertlalimpaktlon des nie- 
derzuschlagenden Stoffes erreicht wird, nach- 
dem der Tragergasstrom die strahlbildenden 
Mittel veriassen hat. 

19. Ein Verfahren gemSfl Anspruch 18, wobei der 
Strom des Gasstrahlkontinuums zwecks Veran- 
derung der Stokesschen Zahl durch eine Dros- 
sel so geregelt wird, daB eine lokale Stokes- 
sche Zahl so definiert wird, daB die Lage einer 
Ubergangszone in unmittelbarer Nahe der Tar- 
getoberflache und der im Targetflachenbereich 
auftretende Niederschlagstyp gesteuert wer- 
den. 

20. Ein Verfahren gemaB Anspruch 1. wobei eine 
Synthesereaktionsvorlaufer-MolekQIart in einem 
Stromungsfeld des Gasstrahlkontinuums mlt- 
gefuhrt wird, in welchem Zersetzung oder Re- 
aktion mit anderen auf diese Welse mitgefUhr- 
ten MolekUlarten den niederzuschlagenden 
Stoff in Form von gesattigtem kondensierba- 



rem Dampf bildet. welcher in unmittelbarer 
Nahe der TargetflSche aus dem Gasstrahlkon- 
tlnuum kondensiert. 

5 21. Ein Verfahren gemSB Anspruch 1. wobei ein 
gesattigter kondensierbarer Dampf des nieder- 
zuschlagenden Stoffes auf den Stromungsfeld- 
bereich in dem Gasstrahlkontinuum beschrSnkt 
und so schnell stromabwarts transportiert wird, 

10 daB im wesentlichen keine Wanderung aus 
dem Gas auftritt, bis der gesattigte kondensier- 
bare Dampf den Bereich in unmittelbarer Nahe 
der TargetflSche erreicht. 

15 22. Ein Verfahren gemaB Anspruch 1, wobei in 
einem Stromungsfeld, welches die aerodyna- 
mische Beschrankung auf das Innere eines 
Feldes des genannten Gasstrahlkontinuums 
definiert, Reaktionen auftreten, welche die Bil- 

20 dung des niederzuschlagenden Stoffes ab- 
schlieiJen, bevor der Gasstrom die Targetober- 
f Isiche erreicht. 

23. Ein Verfahren gem30 Anspruch 1. wobei das 
25 Gasstrahlkontinuum Dampfmolekule wirksam 

mitfUhrt und beschleunigt, so dai3 es eine Iner- 
tialimpaktion der Dampfmolekule auf das Sub- 
strat bewirkt wird. 

30 24. Ein Verfahren gemSfi Anspruch 1, wobei das 
Gasstrahlkontinuum mit einer Geschwindigkeit 
von mehr als 0,1 Mach stromt. 

25. Ein Verfahren gemafi Anspruch 24, wobei das 
35 Gasstrahlkontinuum mit einer Geschwindigkeit 

von mehr als 0,4 Mach stromt. 

26. Ein Verfahren gema/J Anspruch 25, wobei das 
Gasstrahlkontinuum mit einer Geschwindigkeit 

40 von Mach 1 oder mehr strSmt. 

27. Ein Verfahren gemafl Anspruch 1, wobei Syn- 
these und Bildung des niederzuschlagenden 
Stoffes als kondensierbarer Dampf in dem 

45 Stromungsfeld des Gasstrahlkontinuums von 

der Kondensation durch Diffusion oder Inertial- 
impaktion des kondensierbaren Dampfes, wel- 
che in dem Bereich in unmittelbarer Nahe der 
Targetflache erfolgt. getrennt sind. 

50 

28. Ein Verfahren gemajS Anspruch 1, wobei die 
Gasstrahlkontinuumsstromung des inerten Ga- 
ses im Kreislauf zurOckgefOhrt wird. nachdem 
sie den Bereich in unmittelbarer Nahe des 

55 Targets erreicht hat und nachdem der Nieder- 
schlagsstoff auf dem Targetsubstrat als ein 
inertes Gas, welches im wesentlichen frei von 
mitgefOhrtem Niederschlagsstoff ist, aus der 



28 
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Stromung ausgefallen ist. 

29. Gerat zum Niederschlagen eines In einem 
inerten Tragergas mItgefUhrten kondensterba- 
ren gasformigen Stoffes als eine feste Schicht s 
auf einem Substrat, welches GerSt 

(a) eIne Duse (1-1), 

(b) eine stromabwarts von der Duse ange- 
ordnete Niederschlagskammer (1-2), 

(c) eIne Quelle von inertem Tragergas (1-5). io 

(d) eine Pumpe (1-14), welche zv^rlschen der 
genannten Quelle und der genannten Duse 
angeordnet ist, urn eine stetige Str6nr»ung 
des genannten Tragergases aus der ge- 
nannten Quelle durch die genannte Duse 75 
und in die genannte Niederschlagskamnner 
hinein herbeizufUliren, wobei der durch die 
genannte Pumpe erzeugte Druck so hoch 

ist, daB das genannte Tragergas mit hoher 
Geschwindigkeit durch die genannte Duse 20 
hindurchbewegt wird und einen Strahl (1-7) 
bildet, 

(e) Mittel zur Halterung eInes Substrats (1- 
10) In der genannten Niederschlagskammer. 
wobel eine Oberflache desselben dem ge- 25 
nannten Strahl zugekehrt ist, 

(f) Mittel (1-12) zur Herbelfuhrung einer rela- 
tiven seitlichen Bewegung des genannten 
Strahls gegenOber der genannten Oberfla- 
che umfaet, wShrend 30 

(g) der genannte Strahl beim Verlassen der 
genannten Duse durch Expansion und Auf- 
prall auf die genannte Oberflache abge- 
bremst wird, so dafi sich der genannte Stoff 
uber die genannte Oberflache mit einer Ge- 35 
schwindlgkeit bewegt, welche so niedrig Ist, 

da0 er sich auf dieser niederschlSgt, da- 
durch gekennzeichnet, 6aB es in unmittelba- 
rer Nahe oder innerhalb der genannten 
Duse Mittel (3-3) umfaBt, um den genannten 40 
kondensierbaren gasformigen Stoff bei so 
hoher Geschwindigkeit durch die genannte 
. Duse zu transportieren, dafi er am Konden- 
sieren auf den Dusenwanden gehindert 
wird. 4s 

30. Gerat gemaB Anspruch 29, wobei die genannte 
Pumpe eine mechanische Pumpe Ist. 

31. Gerat gemafl Anspruch 29 oder 30, welches so 
ferner Mittel zum Erwarmen und/oder KOhlen 

des genannten Substrats umfaBt 

32. Gerat gema0 einem der Anspruche 29 bis 31 , 
welches ferner Mittel zum Erwarmen und/oder 55 
Kuhlen des genannten inerten Tragergases 
umfaiSt. 



33. Gerat gemafi einem der Anspruche 29 bis 32. 
welches ferner Mittel zum RUckfUhren des ge- 
nannten inerten Tragergases in den Kreislauf 
umfaBt. 

34. Gerat gemafi einem der Anspruche 29 bis 33, 
wobei die Geometrle der genannten Duse die 
thermodynamlschen und gasdynamischen 
Stromungsbedingungen steuert, um die in dem 
genannten Gasstrom stattfindenden chemi- 
schen Synthesereaktionen zu beschleunlgen 
und zu optimieren. 

35. Gerat gemai3 einem der Anspruche 29 bis 34. 
wobei die Mittel zur Herbelfuhrung der genann- 
ten Relativbewegung Mittel zur Bewegung des 
genannten Substrats relativ zu einer stationa- 
ren, die Bildung des genannten Strahls bewir- 
kenden DUse umfassen. 

36. Gerat gemMB einem der AnsprOche 29 bis 34, 
wobei die genannten Mittel zur HerbeifUhrung 
der Relativbewegung Mittel zur Bewegung ei- 
ner der Bildung des genannten Strahl dlenen- 
den Duse relativ zu einem stationSren Substrat 
umfassen. 

37. Gerat gemS/J einem der AnsprQche 29 bis 36. 
wobei das genannte Substrat die Form eines 
Korpers aufweist, dessen Gesamtbrelte viel 
grOfier ais die Breite des genannten Strahls ist. 

38. Gerat gemafi einem der Anspruche 29 bis 37, 
wobei das genannte Substrat eine scharfe Kan- 
te aufweist. 

39. Gerat gemSB einem der AnsprQche 29 bis 36, 
wobei das genannte Substrat eine Breite und 
eine KrCimmung aufweist, welche mit der Brei- 
te und der KrOmmung des genannten Strahls 
vergleichbar sind. 

40. Gerat gemafi einem der Anspruche 29 bis 39, 
wobei Mittel zum Entfernen des niedergeschla- 
genen Stoffes von einem auf der OberflMche 
des genannten Substrats gelegenen Staupunkt. 
in welchem der genannte Strahl auftrifft, vorge- 
sehen sind. wodurch der entfernte Stoff pulver- 
Islert wird. 

41. Gerat gemafi einem der Anspruche 29 bis 39, 
wobei Mittel zum Entfernen des niedergeschla- 
genen Stoffes an der genannten Substratober- 
flache in Band- oder Plattenform vorgesehen 
sind. 
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FIG. 2 
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FIG. 4 
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FIG. 13 
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